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ABSTRACT 
There is a need for sensitive methods to analyze thin films of polymers, biological cells, 
dielectric waveguides, and self-assembled monolayers. In this dissertation, we discuss a newly-
developed instrument with combined benefits of surface plasmon resonance, plasmon waveguide 
resonance, and Raman spectroscopy for collecting the chemical information of adsorbates with 
monolayer sensitivity. Additionally, the instrument is applicable for measuring angle-dependent 
molecular interactions. Directional-surface-plasmon-coupled Raman spectroscopy (i.e., 
directional Raman scattering) is a viable non-destructive method equivalent to total internal 
reflection Raman spectroscopy using a smooth metal film. The excitation of surface plasmons 
produces directional Raman scattering in the plane of the metal film (in-coupling) and the 
emission of the scattered light through a Weierstrass prism (out-coupling). A hollow cone of 
directional scattering at a sharply defined angle results in the surface-plasmon-polariton cone 
radiating from the Weierstrass prism. The directionality of the signal, as well as the enhanced 
electric field, produces relatively large Raman signals at a smooth metal interface, without the 
use of surface-enhanced Raman substrates. The electric field intensity is amplified by 20-fold 
due to the directional emission of the scattered light and the collection of the entire surface-
plasmon-polariton cone. 
The directional Raman spectrometer has the capability of measuring the full surface-
plasmon-polariton cone image, cone intensity, and directional Raman scattering radiating from 
the cone as a function of the incident angle. On the same instrument, the Kretschmann and 
reverse-Kretschmann configurations can provide multimodal spectral data (e.g., thickness and 
refractive indices) collection. The directional Raman spectrometer utilizes translational stages (as 
opposed to rotational stages, commonly used in surface plasmon resonance sensing). The 
viii 
instrument design provides faster acquisition times and precise control of the light incident on 
the prism interface with 0.06° angle resolution.  
We can quantify the surface-plasmon-polariton cone properties and intensity from the 
digitized surface-plasmon-polariton cone image by extracting the cone diameters from the cone 
angles. The calculated cone parameters are obtained using three-dimensional finite-difference 
time-domain simulations of the far-field angular radiation pattern in combination with Fresnel 
reflectivity calculations. The approach has equivalent sensitivity to alternative methods used to 
collect surface plasmon resonance and plasmon waveguide resonance data. Further, we can 
simultaneously measure the adsorption and chemical identification of thin films, waveguides, 
and self-assembled monolayers. The sensitivity of all the waveguide-coupled surface-plasmon-
polariton cone modes is between 0.009 and 0.02° nm-1. The incident angles that produce the 
surface-plasmon-polariton cones and the surface-plasmon-polariton cone angles are linearly 
dependent; therefore, it is straightforward to determine the optimum incident angle for collecting 
directional Raman scattering. According, the acquisition time is reduced for collecting plasmon 
waveguide resonance data. The thickness and chemical composition for thin films, as well as the 
structure and orientation of guided modes in waveguides, can be obtained in our multi-detection 
directional Raman scattering instrument. 
Directional Raman spectroscopy can be applied to study photovoltaic thin films, polymer 
brushes, energy harvesting devices, optoelectronics, and sensor readout devices where the 
chemical composition, orientation, and morphology are essential to their function. This 
spectroscopic technique will propel new and emerging technologies in which functionalization of 
a surface is required. 
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CHAPTER 1.    GENERAL INTRODUCTION 
Dissertation Overview 
This dissertation is organized into six chapters. Discussed within Chapter 1 is a brief and 
general introduction to the fundamental theories of Raman spectroscopy and surface plasmon 
resonance. In the critical review presented in Chapter 2, we describe the total internal reflection 
Raman spectroscopies developed over the past five decades with an emphasis on the recent 
advancements in the field. In Chapter 3, we present directional Raman spectroscopy: a non-
destructive method analogous to total internal reflection Raman spectroscopy. Directional 
Raman spectroscopy technique analyzes the chemical composition and adsorbate properties (e.g., 
refractive indices and thicknesses) of self-assembled monolayers and thin polymer films 
adsorbed on smooth planar metallic surfaces. Within Chapter 4, we demonstrate directional 
Raman scattering for collecting plasmon waveguide resonance data. We report images of the 
waveguide-coupled surface-plasmon-polariton cone properties from dielectric waveguide 
materials such as silica, poly(methyl methacrylate), polystyrene, and poly(4-vinylphenol) thick 
films. In Chapter 5, we focus on the experimental measurement of the metal-sulfur bonds 
chemisorbed onto smooth planar gold and silver surfaces, as well as roughen gold surfaces with 
directional Raman spectroscopy. Lastly, Chapter 6 is a summary of the general conclusions and 
potential future directions for the work presented in this dissertation. 
Raman Spectroscopy 
Raman spectroscopy is an analytical technique used to study the rotational and 
vibrational transitions in molecules such as solids, liquids, and gases.1-6 It was discovered in 
1928 by Krishnan and Raman, when they experimentally demonstrated the phenomenon of 
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inelastic scattering of light by molecules.7 In 1930, Raman won the Nobel prize in physics for the 
discovery of the Raman effect, a technique named after him.  
When monochromatic light interacts with molecules, the absorption of a photon of 
energy (hν0) can give rise to elastic (i.e., Rayleigh) and inelastic (i.e., anti-Stokes and Stokes 
Raman) scattering of photons (Figure 1). Rayleigh scattering (Energy = hν0) has no change or 
shift in energy for the scattered photons. The molecules are excited to a virtual state from the 
ground state (ν0) for Stokes Raman scattering (Energy = h(ν0 – ν1)) or the lowest excited 
vibrational level (ν1) for anti-Stokes Raman scattering (Energy = h(ν0 + ν1)). The result of 
inelastically scattered light by the molecules at a higher energy transition is known as anti-
Stokes, and the lower energy transition is Stokes Raman scattering (Figure 1). Stokes Raman 
scattering is more intense than anti-Stokes Raman scattering because the molecules must be in 
the first vibrational level (ν1), which has a lower population of molecules than the ground state 
(ν0).
2 In contrast, Rayleigh scattering appears much more intense compared to the relatively 
weak Raman scattered light, where only one in 106 to 108 photons undergo the Raman effect.6 
Within this dissertation, only the Stokes Raman scattering was collected and analyzed.  
 
Figure 1. Jablonski energy-level diagram illustrating the Rayleigh scattering h(ν0) and anti-
Stokes h(ν0 + ν1) and Stokes h(ν0 – ν1) Raman scattering transitions, where h is Planck’s 
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constant. The virtual state from a quantum mechanical viewpoint is an electron cloud distortion 
formed by the electric field of the monochromatic light.3 
 
The excitation of vibrational modes in a molecule corresponds to the change in the 
frequency of the scattered light (Energy = h(νex ± ν1)). For Raman scattering to occur, there must 
be a change in the polarizability (𝛼) of the molecule during the vibration. In contrast, the 
polarizability remains constant for Rayleigh scattering. Equation 1 shows that the induced 
polarization (𝑃) within the molecule produced by the polarizability (𝛼) and the incident electric 
field (𝐸) associated with the light beam is linearly proportional.   
      𝑃 = 𝛼 × 𝐸           (1) 
As indicated in this equation, a change in the polarizability of the molecule (𝛼 ≠ 0) can cause a 
small fraction of the scattered photons to give rise to a Raman shift. Also, a change in the 
distribution of the electron cloud around the vibrating atom will yield Raman bands. Ingle and 
Crouch presents the full mathematic and physical derivation of equation 1.8 
Raman scattering can provide molecular vibrations and symmetry (i.e., asymmetric and 
symmetric stretches) from multiple bonds. For linear and non-linear molecules, there are 3N–5 
and 3N–6 vibrational modes, respectively, where N is the number of atoms. A full description of 
the mechanism, selection rules, and details for Raman spectroscopy are eloquently presented by 
McCreery3, Long2, Smith and Dent,4, 6, 9 and Lewis and Edwards.1 
Raman spectroscopy alone is not a surface-sensitive technique even though the Rayleigh 
and Raman intensities are linearly proportional to the incident electric field given by equation 1. 
A more intense source such as a laser could enhance the Raman signals. But, the combination of 
Raman spectroscopy and surface plasmon resonance detects the chemical information of 
adsorbates on a surface. Additionally, the adsorption properties (e.g., the index of refraction, 
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thickness, rate constants, and kinetics) of the molecular interactions on a surface can be 
measured. A discussion on the basic principles of surface plasmon resonance is in the next 
section.   
Surface Plasmon Resonance 
Surface plasmon resonance (SPR) is an optical absorption spectroscopic method for 
detecting and characterizing the chemical changes occurring at a thin noble metal surface.10-20 
The phenomenon is associated with total internal reflection (TIR) of light at a boundary between 
a TIR element or prism and a noble metal film, such as gold, silver, copper, or platinum. The 
dielectric permittivity of the prism (𝜀𝑃) must be greater than the dielectric function of the metal 
(𝜀𝑀 = 𝜀𝑟 + i𝜀𝑖𝑚) and the adjacent layer (𝜀𝐿), where 𝑖 = √– 1, and the subscripts indicate the real 
(𝑟) and imaginary (𝑖𝑚) components.21-23 The dielectric medium and constant are wavelength 
(frequency) dependent. In the Kretschmann configuration (Figure 1a), a p-polarized 785-nm 
laser passes through a sapphire prism and reflects off the backside of a thin gold film and into a 
detector. When the incident angle (𝜃𝐼𝑁𝐶) is above the critical angle (𝜃𝐶), an evanescent wave is 
generated at the prism/air or sample interface and exponentially decays into the air or sample 
layer. The evanescent wave can extend ~200 nm into the air or sample interface and is dependent 
on the wavelength of light, the indices of reflection of the dielectric medium on either side of the 
metal film, and the properties of the metal film.24  
At the SPR angle (𝜃𝑆𝑃𝑅), surface plasmon polaritons are generated at the metal surface 
due to the coupling of the excitation light (𝑘𝑥) with collective oscillations of the electrons from 
the metal substrate (𝑘𝑆𝑃). When  𝜃𝐼𝑁𝐶 > 𝜃𝐶  the light travels through the prism and reflects off 
the metal film and the adjacent layer. The condition for SPR absorption is satisfied when 𝑘𝑥 =
𝑘𝑆𝑃, 
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                            𝑘𝑥 = (
𝜔
𝑐
) √𝜀𝑃 sin 𝜃𝐼𝑁𝐶 = (
𝜔
𝑐
) √
𝜀𝑀𝜀𝐿
𝜀𝑀+𝜀𝐿
=  𝑘𝑆𝑃                              (2) 
where 𝜔 and 𝑐 are the frequency of light and speed in a vacuum, respectively. A full detailed 
derivation and theoretical description of SPR can be found in Kretschmann’s SPR theory25-28 and 
discussed by Knoll21 and Raether.22, 23 The excitation of surface plasmons results in an 
attenuation of the reflected light. It is shown as a dip in the reflectivity curve for a 50 nm bare 
gold film (yellow curve in Figure 1b). When molecules bind on the noble metal film, a shift in 
the SPR angle (black tack in Figure 1b) is due to small changes in the local refractive index and 
thickness of the dielectric medium adjacent to the noble metal film. The Fresnel equations used 
to simulate the reflectivity curves are discussed in Chapter 2.  
 
Figure 2. (A) Kretschmann configuration (prism/metal/air or sample) used for surface plasmon 
resonance (SPR) measurements. (B) Calculated SPR reflectivity curves for a sapphire prism (𝜀𝑃 
= 3.1043) / 50-nm gold film (𝜀𝑀 = –22.855 + i1.4245) / air (𝜀𝐿 = 1.000) (yellow curve) and a 
sapphire prism / 50-nm gold film / organic layer (εL = 2.4586) (black curve). The incident angle 
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of p-polarized 785-nm excitation light (𝜃𝐼𝑁𝐶) that excites surface plasmons on the gold film is 
35.53°. Upon adsorption of the organic layer, the SPR angle (𝜃𝑆𝑃𝑅) shifts to 35.60° due to the 
changes in the index of refraction and the thickness of the organic layer adjacent to the gold film. 
The critical angle (𝜃𝐶) is 34.59°. 
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CHAPTER 2.    THE EVOLUTION OF TOTAL INTERNAL REFLECTION RAMAN 
SPECTROSCOPY FOR THE CHEMICAL CHARACTERIZATION OF THIN FILMS 
AND INTERFACES  
Charles K. A. Nyamekyea,b, Jonathan M. Bobbitta,b, Qiaochu Zhua and Emily A. Smith*a,b 
a Department of Chemistry, Iowa State University, Ames, Iowa 50011, United States 
b The Ames Laboratory, U.S. Department of Energy, Ames, Iowa 50011, United States 
* Corresponding Author (esmith1@iastate.edu, 1-515-294-1424) 
Modified from a manuscript published in Analytical and Bioanalytical Chemistry 
Abstract  
Total internal reflection (TIR) optical spectroscopies have been widely used for decades 
as non-destructive and surface-sensitive measurements of thin films and interfaces. Under TIR 
conditions, an evanescent wave propagates into the sample layer within a region approximately 
50 nm to 2 µm from the interface, which limits the spatial extent of the optical signal. The most 
common TIR optical spectroscopies are fluorescence (i.e., TIRF) and infrared spectroscopy (i.e., 
attenuated total reflection infrared). Despite the first report of TIR Raman spectroscopy 
appearing in 1973, this method has not received the same attention to date. While TIR Raman 
methods can provide chemical specific information, it has been outshined in many respects by 
surface-enhanced Raman spectroscopy (SERS). TIR Raman spectroscopy, however, is garnering 
more interest for analyzing the chemical and physical properties of thin polymer films, self-
assembled monolayers (SAMs), multilayered systems, and adsorption at an interface. Herein we 
discuss the early experimental and computational work that laid the foundation for recent 
developments in the use of TIR Raman techniques. Recent applications of TIR Raman 
spectroscopy as well as modern TIR instruments capable of measuring monolayer-sensitive 
vibrational modes on smooth metallic surfaces are also discussed. The use of TIR Raman 
10 
 
spectroscopy has been on a rise and will continue to push the limits for chemical specific 
interfacial and thin film measurements.  
Introduction 
The chemical characterization of surfaces and interfaces is indispensable for state-of-the-
art research in separations, heterogeneous catalysis, energy harvesting and storage devices, and 
electrochemistry. In order to understand the properties of interfaces, many destructive and non-
destructive microscopic and spectroscopic methods have been extensively deployed. Electron 
microscopy techniques and scanning probe microscopies (e.g., atomic force microscopy) can 
provide primarily structural information about an interface with atomic spatial resolution. While 
these techniques offer an unrivalled spatial resolution, they provide limited chemical 
information. They also have a limited ability to measure dynamic information and structural 
information below the top-most surface layer without destructive sample preparation methods.  
Total internal reflection (TIR) vibrational spectroscopies (e.g., attenuated total reflection 
infrared spectroscopy and TIR Raman spectroscopy) can non-destructively measure chemical 
composition and molecular orientation at an interface with minimal sample preparation. TIR 
vibrational spectroscopies, like other TIR optical spectroscopies, use evanescent waves to 
provide interfacial selectivity and sensitivity. The fundamental principles behind TIR Raman 
spectroscopy have been reviewed by Bain et al. [1-3]. Briefly, the TIR phenomena occurs at an 
interface between two dielectric materials of differing indices of refraction: 𝜂1 (for the total 
internal reflection element or prism) and 𝜂2 (for the sample), where 𝜂1 is greater than 𝜂2. The 
incident light travels from the dielectric material with a higher refractive index to the lower 
refractive index material at an angle greater than or equal to the critical angle 𝜃𝑐, as described by 
Snell’s law: 
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                     𝜃𝑐 = 𝑠𝑖𝑛
−1 (
𝜂2
𝜂1
)                                                           (1) 
At the critical angle, there is no transmitted wave that propagates through the sample 𝜂2, 
but there is an evanescent wave generated at both sides of the interface. The evanescent wave 
travels parallel to the interface and exponentially decays from the interface. The penetration 
depth of the evanescent wave, 𝑑𝑝, is where the intensity drops to a value of 1/e, and on the 
sample side is given by:    
                                                 𝑑𝑝 =
𝜆0
2𝜋
1
√𝜂1
2𝑠𝑖𝑛2𝜃𝑖−𝜂2
2
                        (2) 
where 𝜆0 is the wavelength of light with an incident angle 𝜃𝑖. The properties of the evanescent 
wave confine the measured vibrational signals to the interface. Comparing TIR Raman and 
infrared signals, in addition to different selection rules, Raman spectroscopies have the benefit of 
using shorter wavelengths of light. This results in a smaller penetration depth of the evanescent 
wave and an increased surface sensitivity. Also, the penetration depth of the evanescent wave 
varies across the infrared spectrum because the excitation wavelength is varied to collect the 
absorption spectrum. Raman scattering produces minimal spectral interference from peaks 
associated with water, and maybe better suited for aqueous samples. On the other hand, IR 
signals generally result in better detection limits. Table 1 summarizes key similarities and 
differences between ATR-IR and TIR Raman spectroscopies, and serves as a guide to when 
either technique may be preferred.  
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Table 1. Selected comparisons of attenuated total reflection infrared (ATR-IR) and total internal 
reflection (TIR) Raman spectroscopies. 
ATR-IR TIR Raman 
Requires a change in the dipole moment Requires a change in polarizability 
Adsorption of IR radiation Inelastic scattering (measures relative 
frequencies) 
Excitation light in mid-IR region, reflective optics 
generally required 
Range of excitation wavelengths may be 
used (UV, visible, or IR) 
𝑑𝑝 varies with the excitation wavelength, which 
may complicate ATR-IR depth profiling 
measurements 
A single excitation wavelength is used, 
which may simplify depth profiling 
measurements 
𝑑𝑝  is generally greater than 1 µm 𝑑𝑝  is generally in the range of 100 nm to 1 
µm 
Water background from sample may be 
problematic 
Fluorescence background from sample or 
prism may be problematic 
Collected spectral range often dependent on the 
ATR crystal (ex: diamond 45,000-10 cm-1; α-
Al2O3 50,000-1,780 cm
-1; ZnSe 20,000-650 cm-1; 
Ge 5,500-830 cm-1) 
Possible to measure low Raman shifts with 
many prism types 
Signal enhancement is generally not needed Raman scattering signal may be low, signal 
enhancement may be required 
Commercial instruments are readily available Home-built instruments currently in use 
Measurement of all types of samples including organic and inorganic solids, liquids, powders, 
pastes, gases, as well as biological specimens  
Self-assembled monolayer detection has been reported 
Real-time adsorption measurements can be performed 
 
Even though the first reports of TIR Raman spectroscopy occurred approximately a half 
century ago, relatively few papers have been published covering TIR Raman spectroscopy 
compared to other TIR optical spectroscopies. This is partly due to the discovery and subsequent 
focus on surface-enhanced Raman spectroscopy (SERS) [4-8]. While SERS measured at a 
roughened noble metal surface provides large signal enhancements, it has drawbacks for some 
applications. These include: a signal enhancement that can only be achieved at a couple of 
nanometers distance away from the plasmon-supporting surface, thus limiting the distance over 
which the signal can be achieved and the thickness of the sample that can be studied; and the 
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need for a roughened substrate, which prohibits the study of smooth films, such as those found in 
many electronic devices (e.g., polymer-based organic light-emitting diodes and organic solar 
cells) [9,10]. (Similarly, tip-enhanced Raman spectroscopy can also be used to study interfaces, 
but for some applications, it has the disadvantages of SERS as well as other scanning probe 
microscopies).    
In this review, the fundamental work that paved the way for recent advances in TIR 
Raman spectroscopy is briefly outlined [11-20]. In recent years, TIR Raman spectroscopy has 
received renewed interest due in part to improvements in Raman instrumentation that have 
expanded the types of samples that can be studied [21-27]. Recent advances and applications of 
TIR Raman spectroscopy will also be covered including studies of thin polymer films [28-35], 
SAMs [2,36], phospholipid bilayers at liquid interfaces [25], and hydrogen bonding at 
silica/water or ice interfaces [24]. TIR Raman spectroscopies have been combined with smooth 
[37-43] and rough [44,45,40,46,47] noble metal substrates for signal enhancement; the latter is 
equivalent to SERS under TIR conditions. Only the former will be covered in detail in this 
review.  
Modeling the TIR Raman Signal 
Prior to the first experimental demonstration of TIR Raman spectroscopy, the appropriate 
theory for modeling the signal was reported. The reflected light from the interface can be 
modeled by Fresnel reflectivity coefficients, 𝑅𝑝 and 𝑅𝑠, where the subscript refers to the 
polarization of the incident light. P-polarized light has an electric field oriented parallel to the 
plane of incidence and s-polarized light has an electric field  perpendicular to that plane. Figure 
1a shows the Fresnel reflectivity curves as a function of the incident angle at a sapphire 
prism/organic layer interface. As expected, the 57.551° critical angle for this interface is marked 
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by a sharp increase in the reflected light intensity. Hansen [14] derived the equations for the 
electric field intensity under conditions of TIR illumination in two-, three-, or multi-layered 
systems. The oscillation of the produced electric field in the 𝑥 and 𝑧 directions results from p-
polarized incident light and the oscillations in the 𝑦 plane results from s-polarized light (Figure 
1b). Thus, controlling the polarization of the light can be used to measure, for example, the 
orientation of molecules at an interface. The electric fields in the 𝑦 and 𝑧 directions are 
maximum at the critical angle for the sapphire prism/organic layer interface under TIR (Figure 
1b).  
D’Hooge et al. [48,49] generated the theory of Raman scattering that is produced by 
evanescent excitation. The Raman scattering generated at the interface containing a homogenous 
sample is proportional to the electric field intensity within the sample and the depth over which 
the Raman signal is collected. At a given incident angle, the depth over which the Raman 
scattering is generated, 𝐷𝑅𝑆, decreases twice as fast as the evanescent wave since the Raman 
scattering is proportional to the electric field intensity:  
     𝐷𝑅𝑆 =
𝑑𝑝
2
                        (3) 
where 𝑑𝑝 is the penetration depth expressed in equation 2. The depth over which the Raman 
scattering is generated can be adjusted at different incident angles above the critical angle to 
perform axial depth profiling measurements (Figure 1c). When the incident angle changes from 
58° to 59°, 𝐷𝑅𝑆 changes by ~186 nm for a sapphire prism/organic layer interface. This represents 
an improvement compared to confocal Raman spectroscopy, which provides an axial spatial 
resolution of hundreds of nanometers to microns. Confocal Raman spectroscopy is also limited 
in its ability to measure thin films, especially in the presence of a bulk layer that also produces a 
Raman signal. The axial spatial resolution at the interface can also be tuned by controlling the 
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variables of wavelength and refractive index of the interfacial materials. Depending on these 
variables, the maximum 𝐷𝑅𝑆 typically ranges from tens of nanometers to a few microns.  
 
Figure 1. Calculated a reflected light, b electric field intensity, and c depth over which Raman 
scattering is generated 𝐷𝑅𝑆 as functions of incident angle for a sapphire (η = 1.7619) / organic 
layer (η = 1.4868) interface at 𝜆0 = 785 nm. P-polarized incident light (a, green) produces 
electric fields oscillating in the 𝑥- (b, blue) and 𝑧-planes (b, green) and s-polarized incident light 
(a, gray) produces an electric field orientated in the 𝑦 direction (b, gray). The properties of the 
Raman signal depend on whether it is collected on the prism side or sample side of the interface.   
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Experimental TIR Raman Spectroscopy 
TIR Raman spectroscopy was first experimentally demonstrated by Ikeshoji et al. to 
analyze a liquid of carbon disulfide using a flint-glass prism [50]. Figure 2 shows their TIR 
Raman spectra collected over a range of incident angles. The Raman scattering is at a maximum 
near the critical angle (𝜃𝑐 = 70.8°) and decreases with increasing incident angle (Figure 2a). This 
is due to the aforementioned decrease in the electric field intensity and 𝐷𝑅𝑆 at larger incident 
angles. Ikeshoji and coworkers showed that TIR Raman spectroscopy can provide an adequate 
signal from a solution at an interface and the ability to model the Raman scattering as the 
incident angle is changed. 
 
Figure 2. a TIR Raman spectra of carbon disulfide solution (ηsample = 1.6180) at a hemispherical 
flint glass (ηglass = 1.7130) prism illuminated with 632.8 nm light. b Experimentally measured 
TIR Raman scattering intensities of the 654 cm-1 peak (symbol) and calculated fit (solid line, 
details of the fit can be found within the reference) as functions of incident angle. The critical 
angle of the hemispherical flint glass/carbon disulfide solution was 70.8°. Reprinted from 
[Ikeshoji T, Ono Y, Mizuno T (1973) Total Reflection Raman Spectra; Raman Scattering due to 
the Evanescent Wave in Total Reflection. Appl. Opt. 12 (10):2236-2237. 
doi:10.1364/AO.12.002236] (ref. [50]), with permission from AIP Publishing.  
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In 1993, Nickolov et al. used TIR Raman spectroscopy to study the O-H stretching 
vibrational bands of water (3200 and 3420 cm-1) at two interfaces [51]. One was a hydrophobic 
surface composed of a 25-layer Langmuir-Blodgett film of ω-tricosenoic acid adjacent to a 
sapphire prism, and the second interface was a hydrophilic surface that consisted of only the 
sapphire prism. They concluded that the O-H Raman band changes at the hydrophobic interface 
compared to the hydrophilic interface due to an increase in the hydrogen bonding of water 
molecules at the interface with ω-tricosenoic acid.  
In order to achieve high axial resolution depth profiling with TIR Raman spectroscopy, 
the penetration depth of the evanescent wave must be carefully controlled. This requires accurate 
control of the incident angle of light upon the interface. In 2010, a scanning angle (SA) Raman 
spectrometer with 785 nm excitation was reported for measuring interfacial phenomena with a 
0.05° angle resolution using adjustable translation stages and a variable angle galvanometer 
mirror [52]. This angle resolution correlates to probing analytes near a planar interface with tens 
of nanometer spatial resolution perpendicular to the interface (i.e., axial resolution) [53-55]. As a 
proof of concept, this instrument was used to collect the Raman scattering from a zinc selenide 
prism /benzonitrile interface over a range of 35-180 nm with 1 nm axial resolution. Compared to 
a conventional confocal Raman microscope, the resolution of the SA Raman technique shows a 
1000-fold improvement. A 532 nm SA Raman instrument was also reported (Figure 3) that had 
mechanical design improvements and the benefits associated with the use of a shorter excitation 
wavelength (e.g., resonant enhancement, decrease in the acquisition time, and smaller 𝐷𝑅𝑆) [56]. 
Resonance enhancement of the TIR Raman signal has been shown using a 532 nm laser to 
measure visible-light absorbing organic polymer photovoltaic films [57]. 
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Figure 3. a Schematic diagram and picture of a 532 nm SA Raman instrument built around an 
optical microscope. Amp: amplifier, BE: beam expander, CCD: charge-coupled device, DAQ: 
data acquisition device, FC: fiber collimator, LM: Leica microscope, L1: aspheric focusing lens, 
L2: collection lens, PC: computer, PSMF: polarization-maintaining single-mode fiber optic, P: 
prism, PD: photo-diode, RS: rotational stage, Spec: spectrometer, WP: half wave-plate. 
Reprinted from Anal. Chim. Acta, 848, Lesoine MD, Bobbitt JM, Zhu S, Fang N, Smith EA, 
High angular-resolution automated visible-wavelength scanning angle Raman microscopy, 61-66 
(ref. [56]), Copyright (2014), with permission from Elsevier. b SA Raman spectra of 
nitrobenzene at a sapphire interface. The color amplitude scale represents the Raman scattering 
intensity. As expected, the largest TIR Raman signal for all Raman peaks is measured near the 
critical angle of 61.2° and exponentially decays towards higher incident angles. 
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Polymer and Waveguide Samples 
Polymer films are one of the most commonly studied samples using TIR Raman 
spectroscopy. Many of these polymer films are waveguides. A waveguide consists of a dielectric 
layer with a thickness greater than or equal to 
𝜆0
2𝜂2
, where 𝜆0 is the excitation wavelength and 𝜂2 
is the refractive index of the polymer. The electric field intensity calculated within a 1 µm 
polymer waveguide film (η2 = 1.5099) is plotted as a function of incident angle in Figure 4a. 
There is a maximum in the electric field intensity at two angles:  50° (labeled mode 1) and 57° 
(labeled mode 0). At both angles, the electric field intensity can be calculated as a distance across 
the interface (Figure 4b, where the polymer is from 1000 to 2000 nm in this calculation). The 1 
µm polymer film acts as a radiative or “leaky” waveguide, which is caused by the interference 
from counter propagating reflections. The number of antinodes within the waveguide layer in the 
electric field intensity is given by the mode integer (Figure 4b). Since the scattering intensity is 
proportional to the electric field intensity, this indicates that the Raman signal is not generated 
uniformly throughout the waveguide. In addition, the profile of the Raman scattering generated 
throughout the film is different at 50° and 57°. The spatial dependence of the generated Raman 
signal within the waveguide film is influenced by the refractive index and thickness of the 
polymer as well as the excitation wavelength, incident angle, and  polarization of the excitation 
light. Harnessing the spatial dependence of the generated Raman signal within waveguide 
samples as a function of incident angle, SA Raman spectroscopy can be used to determine 
physical properties of the waveguide such as the refractive index, thickness and composition.  
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Figure 4. Calculated electric field intensity for a 1 µm polymer waveguide film (η2 = 1.5099) as 
functions of a the incident angle of s-polarized 785 nm light and b the distance from the 
interfacial layers. The red curve in b corresponds to mode one at 50° and the blue curve 
corresponds to mode zero at 57°. The vertical black lines represent the interface locations. 
 
Rabolt and coworkers [58-62] studied the waveguide nature of thick polymer films and 
multilayered polymer films. Their initial findings showed that the excitation light can be coupled 
into a polymer waveguide film and produced Raman spectra with 1 to 2 orders of magnitude 
better signal-to-noise ratio than a bulk sample [58]. Following this study, Rabolt et al, studied 
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bilayer films consisting of poly(methyl methacrylate) on poly(vinyl alcohol) and polystyrene on 
poly(vinyl alcohol) [59,63]. They calculated the electric field as a function of the distance 
throughout the dielectric waveguide bilayer. By controlling the incident angle of light, they 
excited waveguide mode 0 or 1 and collected the Raman spectra of bilayer films [59]. 
Subsequent work reported small molecule diffusion within the waveguide [64], and a variety of 
polymer types at different thicknesses and using different excitation wavelengths [60-62].  
In 1980, Carius et al. applied TIR Raman spectroscopy to evaluate the degree of 
polymerization in a 6 µm thick polystyrene film prepared by thermal polymerization of a styrene 
monomer directly onto a hemispherical glass prism [65]. The TIR Raman spectra were acquired 
with 488 nm excitation and the incident angle was used to control the depths over which the 
Raman signal was collected, which was confirmed by modeling the intensities of the 3060 cm-1 
band (CH stretch). They studied the incident angle from 67.5° to 77.5° with 𝑑𝑝 values ranging 
from 125 to 400 nm. The ratios of the Raman intensities of the 1633 cm-1 (monomer, C=C band) 
and 1603 cm-1 (polystyrene, ring stretching mode) peaks were used to determine the ~l% 
monomer composition that remained after polymerization.  
Also in 1980, Iwamoto et al. showed that TIR Raman spectroscopy can be used to 
measure a polymer bilayer film [66-68]. Figure 5a shows the TIR Raman spectroscopy apparatus 
they used to collect the data for bilayer films composed of 0.05 µm polystyrene (closest to the 
internal reflection element) and 30 µm polyethylene (Figure 5b). Figure 5b reveals only peaks 
corresponding to polyethylene were measured when the excitation light passes straight through 
the sample, while the same film illuminated under TIR produced a spectrum corresponding to 
polystyrene. Under TIR no peaks for polyethylene were measured since its location was beyond 
the distance over which the Raman signal was collected [67]. Additionally, Iwamoto and 
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coworkers [68,67] measured the Raman signal for a bilayer film as the thickness of the polymer 
closest to the internal reflection element increased. The TIR Raman spectra of polystyrene 
(closest to the internal reflection element) and polycarbonate bilayer films were collected. They 
showed that there is a decrease in the TIR Raman intensity ratio of the 890 cm-1 polycarbonate to 
the 1001 cm-1 polystyrene peaks with increasing polystyrene thickness as the polycarbonate layer 
moves farther away from the internal reflection element.  
 
Figure 5. a Sample configuration used to collect b the Raman spectra of 0.05 µm polystyrene 
(surface layer) coated on top of 30 µm polyethylene (base layer) film collected using (top of the 
figure) the conventional illumination through the sample and (bottom of the figure) the TIR 
illumination. The polystyrene, sapphire, and silicon rubber peaks (sample holder) are denoted 
with a S, SP, and R, respectively. The TIR Raman spectrum is collected at the incident angle of 
64.8°. Reprinted from [Iwamoto R, Miya M, Ohta K, Mima S (1981) Total internal reflection 
Raman spectroscopy. J. Chem. Phys. 74 (9):4780-4790. doi:10.1063/1.441757] (ref. [67]), with 
the permission of AIP Publishing. 
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More recently, SA Raman spectroscopy with a high incident angle resolution was used to 
analyze solid-solid interfaces composed of blended and conjugated polymer films in organic 
photovoltaic devices. Meyer et al. used the SA Raman technique to measure poly(3-
hexylthiophene):phenyl−C61−butyricacid methyl ester blend morphology on varying 
photovoltaic device substrates, such as sapphire, Au, and indium tin oxide (ITO) [69]. Compared 
to conventional Raman spectroscopy, the TIR Raman signals were 4× larger and enhanced at the 
incident angle of 35.00°. This incident angle is close to the critical angle of 34.581° for a 
sapphire/air interface. The authors concluded that the molecular order of poly(3-hexylthiophene) 
depended on the underlying substrate based on the peak width of the 1447 cm-1 thiophene C=C 
stretch, which was different for the three substrates that were studied.  
Bobbitt et al. measured the chemical content and the location of buried interfaces of 
polymer bilayer and trilayer waveguides composed of poly(methyl methacrylate)/polystyrene 
and poly(methyl methacrylate)/polystyrene/poly(methyl methacrylate), respectively (Figure 6) 
[70]. The thicknesses of the poly(methyl methacrylate) layer closest to the prism and the 
poly(methyl methacrylate) layer farthest from the prism were varied between 160 to 420 nm in 
the trilayer system while the polystyrene layer was kept at a constant thickness of 180 nm. Figure 
6a-f shows the SA Raman data for trilayer films and the fit of the SA Raman signal to the 
electric field calculated using three-dimensional finite-difference time-domain methods. A 
recursive algorithm for calculating the electric field within each individual component in the 
multilayered film (with a 10 nm step size) was developed and used to model the SA Raman data 
for the bilayer and trilayer polymer films. The authors found that the SA method provided a 7 to 
80 nm axial spatial resolution for probing the buried interfaces between the polymer layers in the 
trilayer system [70]. Furthermore, Bobbitt and coworkers simultaneously determined the 
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refractive indices, thicknesses, and the chemical compositions of mixed polymer films consisting 
of polystyrene-block-poly(methyl methacrylate):poly(methyl methacrylate) at several volume 
ratios [71]. 
 
Figure 6. Trilayer films are composed of a-c 160 nm poly(methyl methacrylate)/180 nm 
polystyrene/420 nm poly(methyl methacrylate) and d-f 300 nm poly(methyl methacrylate)/180 
nm polystyrene/310 nm poly(methyl methacrylate). a,d Calculated electric field intensity plots as 
functions of incident angle and distance from the prism interface for the trilayer films. The color 
scale represents the electric field intensity. b,e SA Raman spectra of trilayer films with the 
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aforementioned thicknesses plotted on a color scale representing the SA Raman scattering 
intensity. c,f Plots of the 1605 cm-1 polystyrene and 812 cm-1 poly(methyl methacrylate) peak 
amplitudes as a function of incident angle. The black line represents the best sum squared 
electric field (SSEF) fit to the experimental data. Reproduced from Bobbitt JM, Smith EA (2017) 
Extracting interface locations in multilayer polymer waveguide films using scanning angle 
Raman spectroscopy. J. Raman Spectrosc. 49 (2):262-270. doi:10.1002/jrs.5275 (ref. [70]), 
Copyright (2017), with permission from John Wiley and Sons.  
 
Surface-Plasmon-Polariton-Enhanced (SPP) Raman Spectroscopy 
Plasmon-supporting substrates can be incorporated into TIR Raman measurements to 
study phenomena occurring at the metal interface as well as to enhance the signal. Under TIR 
conditions, a noble metal film (e.g., Au, Ag, Pt) adjacent to a prism can support non-radiative 
electromagnetic surface waves (surface plasmon polaritons, SPPs) when the electron oscillation 
frequency of the metal film matches the wavevector of the incident light. Only SPP Raman 
spectroscopies utilizing smooth planar noble metal films will be discussed herein. Burstein and 
collaborators in 1969 were the first to propose the use of Ag films in a TIR configuration to 
enhance the Raman scattering intensity of adsorbates [72]. Ushioda and collaborators used both 
experiment and theory to conclude that there is a significant enhancement of the Raman 
scattering intensity of adsorbates on a metal surface. They found a 200× increase in the Raman 
scattering intensity of a BK-7 prism/Ag film/pyridine sample/air interface in the Kretschmann 
configuration with a 514.5 nm laser beam, after finding that a 57 nm thick Ag film generated the 
largest electric field [73]. Furthermore, they found that the angle where propagating surface 
plasmons were excited in the metal film (the SPR angle) slightly differed from the angle where 
the highest Raman signal was generated due to the difference in the incident and scattered light 
energies.  
Modern SPP Raman spectroscopy instruments can collect spectra as a function of 
incident angle with monolayer sensitivity. The SPP Raman signal of a 1.25 M pyridine solution 
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at a Au film interface as a function of incident angle is shown in Figure 7a [37]. The signal is 
well-modeled by the calculated values for the electric field and 𝐷𝑅𝑆 (Figure 7b-d). The Raman 
scattering is enhanced 4-fold at the angle where SPPs are most efficiently excited in the metal 
film [37]. SPP Raman spectroscopy was also demonstrated by Etchegoin et al. [74] using Nile 
blue adsorbed on 50 nm Au and Ag films at an air interface and excited with 647 nm light. In 
addition, SPP Raman scattering from a smooth silver film with 532 nm excitation was used to 
measure a small molecule-protein interaction at the metal surface [75]. The 1631 cm-1 Raman 
band (aromatic C=C stretch) of Atto610-labeled biotin was observed upon binding to the protein 
avidin. Subsequently, the authors added silver colloids to generate the surface roughness required 
for SERS.   
A limitation to measuring the Raman signal at SPP-supporting films is that only p-
polarized excitation can be used to enhance the Raman signal, unless the sample is a waveguide 
or is adsorbed to a waveguide surface. P- and s-polarized excitation light can be used to collect 
Raman signals generated from waveguide modes, which can provide information about 
molecular orientation [76]. By scanning the incident angle of light while simultaneously 
collecting the Raman signal from a plasmon waveguide sample, the angle where the maximum 
Raman signal was generated was used to build a calibration curve for polymer thickness [77]. A 
follow-up of this work conducted by Bobbitt and coworkers [78], showed that a similar analysis 
could be performed by simultaneously scanning the incident wavelength and angle of light.  
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Figure 7. a Sample geometry used to measure aqueous pyridine solution at a sapphire prism/50 
nm Au/pyridine solution interface with the Raman signal collected on the sample side. b 
Experimentally measured (dotted symbol) reflected light intensity and Fresnel reflectivity 
calculations (solid line). c SPP Raman spectra of pyridine collected with 785 nm excitation. d 
Calculated mean square electric field (MSEF) × 𝐷𝑅𝑆 (gray) fit to the SPP Raman peak areas 
(black, symbols). Reprinted (adapted) with permission from McKee KJ, Meyer MW, Smith EA 
(2012) Near IR Scanning Angle Total Internal Reflection Raman Spectroscopy at Smooth Gold 
Films. Anal. Chem. 84 (10):4300-4306. doi:10.1021/ac203355a, (ref. [37]). Copyright (2012) 
American Chemical Society. 
 
Directional Raman Scattering 
Large collection efficiencies are achieved when the Raman signal is collected on the 
prism side of a prism/metal/sample interface under TIR conditions (Figure 8a). This is due to the 
directionality of the scattered light in the form of a hollow cone, called the surface plasmon 
polariton (SPP) cone (Figure 8b). Simon and Guha [79] were the first to report an experimentally 
measured SPP cone. They determined that the directional Raman signal collected on the prism 
side (Figure 8c) was larger than the Raman signal measured on the air side. Braundmeier and 
Tomaschke [80] proposed two mechanisms for the generation of the SPP cone observed on a Ag 
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film under TIR conditions: 1) momentum conserving optical coupling and 2) scattering from 
surface irregularities or roughness coupling [80]. The excitation of surface plasmons in the plane 
of the metal film (in-coupling) and the scattered light through the prism (out-coupling) results in 
the directional emission of the SPP cone at a sharp and defined angle. Equation 4 illustrates the 
incident angle 𝜃𝑖𝑛𝑐 that results in the SPP cone, where 𝜂1 is the refractive index of the prism and 
𝜖 is the dielectric function of the metal film. 
            𝜃𝑖𝑛𝑐 =  𝑎𝑟𝑐𝑠𝑖𝑛 [𝜂1
−1 (
𝜖
1+𝜖
)
1
2
]                                             (4) 
Otto and coworkers experimentally demonstrated directional Raman scattering from 
carbon contaminates and Rhodamine 6G adsorbed on Ag films by collecting the signal from the 
full SPP cone radiating from a Weierstrass prism (hyperhemispherical prism) [81]. Byahut and 
Furtak designed an instrument to collect the directional Raman signal of p-
nitrosodimethylaniline adsorbed on smooth and rough Ag films [82,40,83]. They showed that the 
highest intensity of the 1613 cm-1 ring stretching mode of p-nitrosodimethylaniline occurred at 
the incident angle of 44.29°, the angle where the SPP cone is generated. Futamata and coworkers 
[84,41,85-87] demonstrated monolayer sensitive Raman measurements of copper phthalocyanine 
monolayer on Au, Ag and Cu metallic substrates by means of collecting the directional Raman 
signal generated from the prism side of the Otto configuration (prism/air gap/metal/sample). 
29 
 
 
Figure 8. a The Kretschmann configuration (hyperhemispherical prism/50 nm Au/air) used to 
collect b the surface-plasmon-polariton cone (SPP cone) acquired with a 785 nm laser at the 
incident angle (𝜃𝑖𝑛𝑐) of 35.53°. c Calculated and normalized far-field angular radiation pattern 
depicting the directionality of the 785 nm Rayleigh scattered light through the prism. The far-
field intensity on the air side was multiplied by 20. 
 
While measurements of the SPP cone were reported by Braundmeier and Tomaschke [80] 
and Simon and Guha [79] in the 1970s, they did not quantify the SPP cone properties. Nyamekye 
and coworkers developed a directional Raman spectroscopy instrument (Figure 9a) capable of 
collecting the full Raman scattering signal generated from the SPP cone as a function of incident 
angle while simultaneously collecting an image of the SPP cone [38,39]. The instrument had 
monolayer Raman sensitivity and the SPP cone encoded the same information measured by 
surface plasmon resonance. Self-assembled monolayers, thin polymer films and waveguide 
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polymer films were measured on the same instrument [38,39]. Since the instrument design 
utilized translational stages (as opposed to the rotational stages commonly used in SPR sensing), 
faster acquisition times with a 0.06° angle resolution were possible. By utilizing a smooth planar 
metallic film, simple and accurate models of the experimental results were possible (Figure 9e). 
 
Figure 9. a Instrument schematic of the directional Raman spectroscopy instrument. b An image 
of the SPP cone and c the directional Raman spectrum encoded within the cone for a 90 nm 
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polystyrene film adsorbed on a 50 nm Au film. The SPP cone and the spectrum were acquired at 
the SPR angle of 47.00°. d Directional Raman scattering intensity as a function of Raman shift 
and incident angle. The color scale represents the Raman scattering intensity. e Peak amplitude 
versus incident angle of the 1001 cm-1 mode of polystyrene (symbol) and the calculated sum 
square electric field fit (solid black line) to the experimental data obtained from d. [Nyamekye 
CKA, Weibel SC, Bobbitt JM, Smith EA (2018) Combined measurement of directional Raman 
scattering and surface-plasmon-polariton cone from adsorbates on smooth planar gold surfaces. 
Analyst 143 (2):400-408. doi:10.1039/C7AN01299C] (ref. [38]) – Reproduced by permission of 
The Royal Society of Chemistry.   
 
Directional Raman spectroscopy has been demonstrated by Li et al. [44] to measure a p-
aminothiophenol monolayer adsorbed on a Ag substrate with p-polarized 532 nm excitation. 
They reported that the directional signal emanating through the prism at 44.5° was ~10× stronger 
than the Raman scattering signal on the air side. Qi and coworkers reported experimental [88,89] 
and calculated [90-92] directional Raman scattering from monolayers and waveguides. Neither 
Li nor Qi reported an experimentally measured SPP cone. The calculations provided by Qi and 
coworkers, however, showed that the wavelength of the excitation source, analyte, and indices of 
refraction of the interfacial layers (mainly the type of metal film: Au, Ag, Pt) influenced the SPP 
cone properties. Most recently, Yukhymchuk and coauthors developed a directional Raman 
spectroscopy instrument to measure Rhodamine G6 adsorbed on Ag surfaces [93]. An elliptical 
mirror enabled the collection of the directional signal emanating from the full SPP cone, 
although the cone was not imaged. The operation of the elliptical mirror enabled a wider angular 
range for data collection, as opposed to using a collection lens in the instrument developed by 
Byahut and Furtak [40]. As with previous work, they showed the information measured is akin to 
that measured by surface plasmon resonance.  
The directional Raman signal can also be produced by waveguide samples. Similar to the 
waveguide studies discussed above, the plasmon waveguide samples enable both p- and s-
polarized light to generate modes in the waveguide and produce enhanced electric fields oriented 
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in the 𝑥-, 𝑦-, and 𝑧-directions. Nyamekye et al. [39]  recently reported the experimental 
collection and modeling of the waveguide-coupled SPP cone with reverse-Kretschmann (Figure 
10a) and Kretschmann (Figure 10d) illumination geometries. In the reverse-Kretschmann 
configuration with the light illuminating the interface from the sample side and perpendicular to 
the interface, all the waveguide modes are excited simultaneously [91,90]. This enables the direct 
comparison of all the waveguide modes in a single image (Figure 10b,c). The sensitivity (i.e., the 
change in the waveguide-coupled SPP cone angle per nanometer change in the polymer 
thickness) of all the SPP cone modes across ~400 to 700 nm polymer waveguide films is 
between 0.009 and 0.02° nm-1. This range is similar to the plasmon waveguide resonance 
sensitivity value of 0.01° nm-1 reported by Abbas et al. [94] using an angle-scanning SPR 
instrument. A traditional angle scanning SPR instrument (or plasmon waveguide resonance 
instrument) does not provide chemical information, whereas the thickness, chemical 
composition, structure and orientation of thin films adsorbed onto waveguides can be obtained 
using the directional Raman spectroscopy instrument (Figure 10e).  
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Figure 10. a Schematic of the reverse-Kretschmann configuration used to collect b the 
experimentally measured (black/white images) and c calculated (color images, shown in 
logarithmic base 10 scale) waveguide-coupled SPP cone images of 404 nm poly(4-vinylphenol) 
films adsorbed onto a 50 nm Au film. The experimental [calculated] cone angles for the two 
waveguide modes are 35.34° [35.39°] (mode 0, p-polarization, mp = 0) and 44.33° [44.30°] 
(mode 0, s-polarization, ms = 0), respectively. d The Kretschmann configuration used to acquire 
e the directional Raman spectra of the 404 nm poly(4-vinylphenol) film collected as a function of 
the Raman shift and incident angle with p- and s-polarized 785 nm excitation. The 842 cm-1 
Raman band is assigned to the out-of-plane CH deformation mode. Reprinted from Anal. Chim. 
Acta, 1048, Nyamekye CKA, Zhu Q, Mahmood R, Weibel SC, Hillier AC, Smith EA, 
Experimental Analysis of Waveguide-coupled Surface-plasmon-polariton Cone Properties, 123-
131 (ref. [39]), Copyright (2019), with permission from Elsevier. 
 
Conclusions  
From the 1970s until recently, a variety of non-destructive TIR Raman methods have 
been developed and improved upon for surface-sensitive measurements. TIR Raman techniques 
have great potential for a variety of surface and interfacial measurements, and in many cases can 
provide complementary information to other surface analysis techniques. The primary 
impediment to the adoption of the technique is the availability of commercial instruments. While 
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most of the instruments used to collect the data discussed in this review were prism-based TIR 
Raman instruments, TIR Raman scattering can be excited and collected through a high numerical 
aperture objective lens. This is similar to most total internal reflection fluorescence (TIRF) 
experiments using a commercial instrument, wherein the laser is directed to the sample at an 
angle greater than the critical angle through the objective. Compared to using an external prism, 
the objective-based TIR approach generally simplifies laser alignment, and may be better suited 
and easily adapted to many commercial TIR Raman instruments. The prism-based approach, on 
the other hand, is better suited when the index of refraction of the internal reflection element 
needs to be changed and to achieve a larger range of incident angles. Once the utility of the 
technique is accepted, more specialized commercial instrumentation may be developed.  
Another area of continued research is pushing the limits of the signal to measure thinner 
films and lower concentrations of surface species. Of course roughened metal surfaces can be 
used in the TIR Raman format, and these measurements are useful in many cases, but signal 
enhancement strategies that maintain the smooth interface will be particularly useful. Such 
advancements could enable in-situ TIR Raman spectroscopy studies of, for example, 
photovoltaic thin films, polymer brushes, sensors, and model thin film catalysts. Furthermore, 
TIR Raman spectroscopy can be applicable in industrial settings, such as the automotive 
industry. An excellent example of this was reported by Bain and co-workers, comprising the 
direct TIR Raman detection of thin lubricant films in a tribological contact to evaluate shear 
thinning in the wear of engine components [26]. Among all previously studied samples, gas-
based monitoring is the least studied with TIR Raman spectroscopy. We envision an increase in 
the detection of gases with TIR Raman spectroscopy, particularly with new signal enhancement 
strategies established. Finally, while TIR Raman spectroscopy is ideally suited for three-
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dimensional depth profiling and imaging at the interface, much work remains to be done to fully 
take advantage of its capabilities. For example, future directions may be aimed at obtaining 
exquisite depth profiling measurements of the Raman signal to reconstruct polymer film 
structures as well as imaging to obtain lateral spatial resolution. The future of TIR Raman 
spectroscopy will break the barriers to achieve better depth profiling resolution with fast 
temporal resolution to measure dynamic events as they occur at a surface. 
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Abstract 
Directional-surface-plasmon-coupled Raman scattering (directional RS) has the 
combined benefits of surface plasmon resonance and Raman spectroscopy, and provides the 
ability to measure adsorption and monolayer-sensitive chemical information. Directional RS is 
performed by optically coupling a 50-nm gold film to a Weierstrass prism in the Kretschmann 
configuration and scanning the angle of the incident laser under total internal reflection. The 
collected parameters on the prism side of the interface include a full surface-plasmon-polariton 
cone and the full Raman signal radiating from the cone as a function of incident angle. An 
instrument for performing directional RS and a quantitative study of the instrumental parameters 
are herein reported. To test the sensitivity and quantify the instrument parameters, self-assembled 
monolayers and 10 to 100-nm polymer films are studied. The signals are found to be well-
modeled by two calculated angle-dependent parameters: three-dimensional finite-difference 
time-domain calculations of the electric field generated in the sample layer and projected to the 
far-field, and Fresnel calculations of the reflected light intensity. This is the first report of the 
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quantitative study of the full surface-plasmon-polariton cone intensity, cone diameter, and 
directional Raman signal as a function of incident angle. We propose that directional RS is a 
viable alternative to surface plasmon resonance when added chemical information is beneficial.  
Introduction 
For several decades, surface plasmon resonance (SPR) has been studied extensively for a 
range of applications, such as detecting and monitoring the kinetics, affinity, and selectivity of 
interactions between an adsorbate and an immobilized binding partner.1-7 A drawback to SPR is 
the encoded signal provides minimal, at best, information about what is adsorbed at the surface; 
what information is provided is typically through a series of control experiments to measure 
nonspecific binding.8 Under total internal reflection, surface plasmons can be generated when the 
excitation light is at an appropriate incident angle upon a high refractive index prism traveling to 
an interface with a thin noble metal film and an adjacent dielectric material with a lower 
refractive index. An exponentially decaying evanescent wave is generated in the dielectric 
material that extends from ~100 nm to ~2 nm, depending on the excitation wavelength and the 
indices of refraction of the interfacial media.9-12 In contrast, on the prism side, excitation of 
surface plasmons in the plane of the metal film (in-coupling) and scattered light through the 
prism (out-coupling) results in a hollow cone of directional emission at a sharply defined 
angle.13-18 This is referred to as the surface-plasmon-polariton cone (or more simply “cone”). An 
illustration of the cone generated using a Weierstrass prism in the Kretschmann geometry is 
shown in Figure 1. Braundmeier et al.19 proposed two mechanisms for the generation of the cone 
they measured using a 40-nm silver film: (1) momentum conserving optical coupling and (2) 
scattering from surface irregularities (e.g., grain boundaries and dislocations) or roughness 
coupling. The angle of incidence (𝜃𝑖𝑛𝑐) that results in the emission cone is given by equation 1, 
where η is the refractive index of the prism and 𝜖 is the dielectric function of the metal film.19 
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Fluorophores in close proximity to a gold or silver surface can be excited within the cone 
and this is referred to as surface plasmon coupled emission.20-24 Gryczynski et al.25, 26 reported 
the surface plasmon coupled emission from 30 to 750-nm polyvinyl alcohol films with 
incorporated fluorescent sulforhodamine 101 on a 50-nm silver substrate. They photographed the 
surface plasmon coupled emission cone projected onto tracing paper, and concluded that there 
was an increase in the angle where the maximum luminescence was measured with increasing 
polyvinyl alcohol thickness. Also, four surface plasmon coupled emission cones were observed 
for a 745-nm film, but quantification of the cone parameters was not reported. Quenching and 
photobleaching of the fluorophores is a concern with luminescence,27 and more importantly, 
chemical identification of the adsorbates is limited using luminescence. 
 
Figure 1. Schematic illustrating the Weierstrass prism (formed by optically coupling a sapphire 
hemispherical prism to a sapphire window) in the Kretschmann configuration with a 50-nm thick 
gold substrate. The signals are collected on the prism side (i.e., with collection optics on the right 
side of this schematic). The data include an image of the full cone to extract the intensity and 
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diameter as well as Raman scattering as a function of incident angle. The signal on the sample 
side refers to placing the collection optics on the left side of this schematic. The schematic is not 
drawn to scale.  
 
Directional-surface-plasmon-coupled Raman scattering (directional RS) generated within 
the cone has also been demonstrated, with some of the earliest reports from Furtak,28 Otto,18 and 
Futamata.29 In 1990, Byahut and Furtak28 used a device that allowed the collection of the Raman 
signal from the entire cone. In their set-up, a hemispherical prism and a paraboloid mirror in the 
Kretschmann configuration was used to obtain a Raman spectrum of a 
paranitrosodimethylaniline monolayer on a silver film. A Weierstrass prism is capable of 
collecting the entire cone in the Kretschmann and Otto configurations.18, 30, 31 Futamata et al.29, 30, 
32 projected the entire cone onto paper from an attenuated total reflection device in the Otto 
configuration (Weierstrass prism/air gap/adsorbate/silver). By controlling the thickness of the air 
gap and/or placing water in the air gap, the Raman band intensities were increased for 
monolayers of copper-phthalocyanine, p-nitrothiophenol and p-aminothiophenol with 514.5-nm 
excitation. However, in all these fundamental studies, the cone was projected onto paper in a 
manner that did not facilitate the quantification of the cone parameters, or was not recorded at 
all, thus the ability to extract optical information about the adsorbed analytes was not 
demonstrated.   
Li et al.33 collected the Raman spectrum of p-aminothiophenol on a silver substrate 
coupled to a semi-cylindrical prism on an angle-resolved Raman spectrometer with 532-nm 
excitation. Etchegoin et al.34, 35 were able to simultaneously measure the SPR reflectivity and 
Raman signal of a monolayer of Nile Blue on 50-nm silver and gold films as a function of the 
incident angle. While Li et al. and Etchegoin et al. collected the Raman signal as a function of 
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incident angle, they did not study the surface-plasmon-polariton cone nor collect the Raman 
signal from the entire cone (thus the signal collection was not optimized).  
When an appropriately roughened metal film replaces the smooth noble metal film, 
surface enhanced Raman spectroscopy (SERS) can be combined with directional RS. Huo et al.36 
demonstrated directional RS with SERS in the reverse Kretschmann configuration (illumination 
from the sample side). They measured 4-aminothiophenol adsorbed on a silver nanoparticle-on-
film SERS substrate, although they did not show an image of the cone nor collect the SERS 
signal from the entire cone. SERS substrates enhance the Raman signal, but SERS generally 
precludes the measurement of smooth films, and the signal is not simply modelled by calculated 
parameters. 
While neither the surface-plasmon-polariton cone nor Raman scattering generated from 
the cone are new concepts, only a handful of reports28-32 have shown the optimized collection of 
the entire Raman signal from the cone with the ability to scan over a limited range of the incident 
angles, but the ability to quantify the properties of the cone as a function of adsorption and 
incident angle have not been previously reported. Herein we show for the first time: (1) an 
instrument capable of collecting the full cone and the full Raman scattering signal emanating 
from the cone as functions of incident angle, which could be a useful alternative to SPR. In order 
to fulfill this potential, we show: (2) that the Raman signal has monolayer sensitivity on a 
smooth film, (3) the first quantification of the cone intensity and diameter as a function of 
incident angle for varying adsorbate layers, and we demonstrate (4) that it is possible to model 
all the instrument parameters through simple calculations to extract sample information from 
these properties.  
49 
 
The directional RS signal using a smooth planar gold film is enhanced relative to 
measuring the same number of molecules in solution by Raman spectroscopy. This is the result 
of the enhanced electric field that is produced at the interface under total internal reflection.9 In 
addition, the presented instrumentation enables the full Raman signal from the cone to be 
collected, further increasing the signal compared to studies where only a portion of the 
directional Raman signal was collected. The larger signal enables the measurement of 
monolayers without the use of a SERS substrate, so smooth films can be measured and it is 
straight forward to model the signals with finite-difference time-domain and Fresnel calculations. 
 Furthermore, the multidimensionality of the data (cone diameter and intensity and Raman 
scattering as a function of incident angle) provides the ability to measure more sample properties 
compared to either SPR or Raman scattering techniques alone. This is highlighted by our related 
previous work using a technique called scanning angle Raman spectroscopy,37-45 whereby the 
incident light is scanned over a wide range of angles while simultaneously collecting the 
reflected light from the prism side and Raman scattering on the sample side of the interface. 
Scanning angle Raman spectroscopy (in the absence of a gold film) was used to identify buried 
interfaces in a multi-layered system with ~10s of nanometer spatial resolution. This new 
directional RS instrument and methodology reported herein can be applied to study numerous 
smooth thin films including sensors, organic solar cells, and more generally as an alternative to 
surface plasmon resonance spectroscopy when added chemical information is beneficial.   
Materials and Methods  
Materials 
Thiophenol (assay 99%, CAS# 108-98-5), poly(bisphenol A carbonate) (Mw = 64,000, 
CAS# 25037-45-0), polystyrene pellets (MW = 192,000, CAS# 9003-53-6), 200 proof ethanol 
(assay 99.5%, CAS# 64-17-5), and sulfuric acid (assay 99.999%, CAS# 7664-93-9) were 
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purchased from Sigma-Aldrich (St. Louis, MO) and used as received. Methylene chloride (assay 
99.9%, CAS# 75-09-2), anhydrous toluene (assay 99.8%, CAS# 108-88-3), and hydrogen 
peroxide (assay 31.7%, CAS# 7722-84-1) were purchased from Fisher Chemical (Pittsburgh, 
PA). Deionized water from an 18.2 MΩ cm-1 EasyPure II filtration system (Thermo Scientific, 
Waltham, MA) was used as a rinsing solution.  
Sample Fabrication 
The sample configuration consisted of a sapphire Weierstrass prism (Figure 1, ISP Optics 
Irvington, NY) optically coupled to a 25.4 mm diameter sapphire substrate (Meller Optics, 
Providence, RI) containing a 2-nm titanium (99.999% pure Ti) adhesive layer and a 50-nm gold 
(99.999% pure Au) layer (metal deposition by Platypus Technologies LLC., Madison, WI). The 
optical coupling of the prism to the sapphire substrate used a ηD = 1.7400 index matching fluid 
(Cargille Laboratories Inc., Cedar Grove, NJ) to ensure optical contact without the presence of 
air gaps. Before preparing the thin films, the gold substrate was cleaned with piranha solution 
(3:1 mixture of sulfuric acid and hydrogen peroxide) for 5 minutes inside a fume hood (NOTE: 
piranha solution may result in chemical and thermal burns if not handled with extreme caution). 
The gold substrate was rinsed with deionized water, then immersed in a 50:50 (v/v) ethanol and 
deionized water bath for sonication using an ultrasonic cleaner for 10 minutes. Then the cleaned 
gold substrate was dried with a stream of N2 gas. To form a self-assembled monolayer of 
thiophenol, the clean gold substrate was immersed in an ethanoic 10 mM thiophenol solution for 
24 hours. The monolayer sample was rinsed with ethanol and dried with a stream of N2 gas. For 
the polymer samples, solutions of poly(bisphenol A carbonate) in methylene chloride and 
solutions of polystyrene in toluene were prepared with concentrations ranging from 0.001 to 1.0 
g mL-1. To make the polymer films, 200 μL of solution was spin-coated on the gold substrate at 
3000 rpm for one minute using a KW-4A spin coater (Chemat Technology, Inc. Northbridge, 
51 
 
CA). The polymer film was allowed to dry in ambient conditions overnight. The thickness of 
poly(bisphenol A carbonate) and polystyrene was measured with an AlphaStep® D-600 stylus 
profiler (KLA-Tencor Corp. Milpitas, California). A calibration curve of thickness versus 
solution concentration was generated and used to fabricate polymer films approximately 10 and 
50 nm thick poly(bisphenol A carbonate) and 30, 60, 70, 80, 90, and 100 nm thick polystyrene. 
The exact thickness of each film was subsequently measured with profilometry (Figure S1) after 
the surface-plasmon-polariton cone and Raman data were collected. For simplicity, the samples 
will be referred to by their approximate thickness throughout the text.  
Directional-surface-plasmon-coupled Raman Spectrometer 
A schematic of the instrument is shown in Figure 2. A sample holder was designed to 
secure the prism and the gold substrate onto the instrument. A 785-nm near-infrared diode laser 
(Toptica Photonics XTRA II, Victor, NY) with a power of 200 mW measured after FL1 was 
directed at the prism. A linear polarizer and half-wave plate were used to ensure p-polarized light 
was incident upon the interface, and a laser line filter was used to clean up the laser profile. The 
laser beam was directed with mirrors M1 and M2 while translation mirror TM1 was used to 
control the incident angle. The speed of the translational mirrors can be varied. For this work, the 
slowest setting on the stage movement was utilized. It is noteworthy that the use of a 
translational mirror to control the incident angle has the potential to reduce acquisition times 
compared to the use of a rotational stage. The laser light was directed onto the sample by FL2, an 
aspherical lens (50 mm focal length and 75 mm diameter). The beam was 250 μm in diameter at 
the air/prism interface. TM2 was used to block the reflected light from reaching the detector. 
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Figure 2. Instrument schematic from the top of the 785-nm excitation directional-surface-
plasmon-coupled Raman spectrometer. I: iris, LP: linear polarizer, WP: waveplate (λ/2), LLF: 
laser line filter, M: mirror, FL: focusing lens, TM: translation mirror, CCD: charge-coupled 
device. M3 can be flipped down to collect the Raman signal. 
 
Surface-plasmon-polariton Cone Measurements 
An image of the cone (i.e., directional Rayleigh signal) was collected with M3 in the light 
path directing it to M4 and a 75 mm (f/1.3) Kameratori TV Lens (Tampere, Finland) attached to 
an 11.340 mm × 7.130 mm, 2.32 mega pixel CMOS sensor (IDS Imaging Development Systems 
GmbH, Obersulm, Germany). Cone images were acquired using software that was integrated 
with a stepper motor for varying the incident angle of the laser excitation. For the cone intensity 
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measurements, the incident angle range was 0.00° to 60.00° with an angle resolution of 0.06°. 
The capability of the instrument to image the cone while scanning the incident angle of light for 
a Weierstrass prism/50-nm thick gold substrate/air interface in the Kretschmann configuration is 
shown in SI Figure S2 and accompanying movie. All images of the cone were collected with a 
fixed distance between FL2 and the camera. 
Directional-surface-plasmon-coupled Raman Measurements 
When M3 was out of the light path, the Raman signal emanating from the full cone was 
collected on the prism side. The cone of Rayleigh scattering was visualized using an infrared 
card, confirming the collection of the entire cone. FL3 was a N-BK7 plano-convex lens, (75 mm 
diameter, 100 mm focal length, Thor Laboratories, Newton, NJ), which was used to focus the 
light onto a Kaiser HoloSpec Raman spectrometer (Kaiser Optical Systems, Inc. Ann Arbor, MI) 
with a 100 µm slit and a HSG-785-LF volume phase holographic grating. The detector was a 
Princeton Instruments (Trenton, NJ) PIXIS 400 1340 × 400 near-infrared-enhanced charged-
coupled device (CCD) with 20 µm × 20 µm pixels controlled with the Princeton Instruments 
WinSpec/32 [v.2.6.14 (2013)] software. The detector was thermoelectrically cooled to -70 °C. 
Due to efficiency limitations of the instrument components, there is invariably some loss of the 
Raman scattering prior to detecting the final signal. A solution of acetonitrile-toluene was used 
for wavelength calibration. Raman data were collected from 34.0° to 54.0° using a 0.2° angle 
resolution, except within ± 1° of the angle producing the maximum intensity where an angle 
resolution of 0.06° was used. For the thiophenol monolayer, an acquisition time of 10 s and 3 
accumulations was sufficient to obtain a high signal-to-noise ratio spectrum. The Raman spectra 
of 10 and 50-nm poly(bisphenol A carbonate) were obtained with 180 s and 120 s acquisition 
times, respectively. For the polystyrene films, the Raman spectra of the 70, 80, 90, and 100-nm 
were obtained with a 30 s acquisition time and 120 s for the 30 and 60-nm polystyrene films. All 
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spectra of the polymer films used 2 accumulations to facilitate cosmic ray removal. All spectra 
were collected at room temperature. Three replicates experiments were obtained by taking 
consecutive scans through the entire incident angle range.  
Data Analysis and Calculations 
All calculations assumed that all layers have a constant index of refraction for p-polarized 
785-nm excitation and were homogeneous. The input parameters were the indices of refraction 
and thickness of each layer shown in Figure 1. The input refractive indices of sapphire, 
poly(bisphenol A carbonate), polystyrene, thiophenol, air, and gold at 785 nm were 1.762, 1.571, 
1.578, 1.568, 1.000, and 0.10219 (ηAu) and 5.0998 (kAu), respectively. The thicknesses of the 
prism and air layers were semi-infinite compared to the polymer (10 to 100 nm) and the gold (50 
nm) layers.  
Calculations to model the surface-plasmon-polariton cone were performed using three-
dimensional finite-difference time-domain simulations (EM Explorer, San Francisco, CA). The 
calculated emission cone diameter was obtained from the tangent of the far-field angular 
radiation pattern depicting the directionality of the scattered light on the prism side and the 
distance between the prism and the detector as experimentally measured for the instrument 
shown in Figure 2. The CMOS camera used to measure the cone was calibrated with a metal 
ruler placed across the planar side of the collection lens (FL2). An image of the metal ruler was 
acquired and the ruler scale was used to generate a distance per pixel calibration for the CMOS 
image. The stated cone diameter is for its position at FL2, where the cone has its largest 
diameter. Since the observed cone diameter is path length dependent, the camera position was 
fixed for all measurements. The experimental cone diameter was obtained using the CMOS 
calibration and by fitting the cone with the Radial Profile Plot Java Script in Image-J 1.44p 
(National Institutes of Health, USA).  
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The Raman peak amplitude of the 890 cm-1 mode of poly(bisphenol A carbonate), 1001 
cm-1 mode of polystyrene and the 999 cm-1 mode of thiophenol was modelled by the sum square 
electric field (SSEF) generated within the analyte layer. Three-dimensional finite-difference 
time-domain simulations were used to calculate the SSEF with a Yee cell size of 5 nm, 2000 
cycles, a 35.00° to 55.00° angle range and a 0.05° angle resolution. The SSEF calculations that 
best modelled our experimental Raman peak amplitude measurements used a 785-nm 
wavelength (i.e., the excitation wavelength). Fresnel reflectivity calculations were performed 
using IGOR Pro (WaveMetrics, Inc., Lake Oswego, OR) Macros available from Corn et al.46 to 
model the cone intensity as a function of incident angle. The angle range was set from 0.000° to 
90.000° with a 0.009° angle resolution.   
Results and Discussion 
Directional RS Instrumentation with Self-assembled Monolayer Sensitivity  
Herein, we demonstrate instrumentation that enables the simultaneous collection of the 
entire surface-plasmon-polariton cone and the Raman scattering as functions of incident angle. It 
has been pointed out that the collection of the entire cone as a function of incident angle requires 
a complicated optical setup.35 Figure 2 shows a simple optical setup that allows the collection of 
the cone intensity, cone diameter and directional Raman scattering using a single motorized 
translational mirror to scan the incident angle. We first test how well the cone properties are 
modelled for a bare gold film prior to showing self-assembled monolayer sensitivity, as the gold 
film parameters are used to model the latter (Figure 3). For a 50-nm gold film, there is good 
agreement between the calculated incident angle that produces the maximum attenuation of the 
reflected light (the surface plasmon resonance angle, 35.530°) and the 35.53° experimental 
incident angle producing the maximum cone intensity (Figure 3A). The attenuation in the 
reflected light intensity corresponds to excitation of surface plasmons in the gold film, and the 
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cone is measured at angles where surface plasmons are excited, as expected. Similarly, the 
experimental cone diameter (Figure 3B) is 2.639 ± 0.003 cm and the calculated cone diameter 
from the far-field angular radiation pattern (Figure 3C) is 2.662 cm (Figure 3D). The capability 
of the instrument to image the cone as the incident angle of light is scanned from 0.00° to 60.00° 
is shown in SI Figure S2 and supporting movie. 
 
Figure 3. (A) Experimental cone intensity (dotted symbol) and calculated reflectivity (solid gray 
line) for prism/50-nm gold/air. (B) Cone acquired at an incident angle of 35.53°. Translational 
mirrors block the incident light (right) and reflected light (left) from reaching the detector, which 
is why the cone is not continuous. (C) Calculated far-field angular radiation pattern. The far-field 
intensity on the air side is multiplied by 20. (D) Calculated cone diameter obtained from the far-
field angular radiation pattern projected to the far-field.  
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The directional RS of a self-assembled monolayer of thiophenol on a smooth planar gold 
film collected at an incident angle of 35.60°, where the maximum cone intensity is observed, is 
shown in Figure 4A. The bands at 999, 1022, 1177, 1470 and 1573 cm-1 in Figure 4A can be 
assigned to the in-plane ring-breathing mode, in-plane C-H bending mode, in-plane C-H 
deformation mode, in-plane C-C ring deformation mode, and C-C ring stretching mode, 
respectively.47-49 The signal-to-noise ratio of the 999 cm-1 Raman mode of thiophenol is 79 when 
the full Raman signal emanating from the cone is collected for 10 s. McKee et al.39 reported the 
signal-to-noise ratio of a thiophenol monolayer on a smooth planar gold film to be 6.8 when the 
Raman signal is collected for 60 s on the sample side in the Kretschmann configuration (using 
the same laser, spectrometer and detector as shown in Figure 2). This simple comparison does 
not take into account some differences in the optics that were used; however, it shows the benefit 
of collecting the full Raman signal from the surface-plasmon-polariton cone using the instrument 
shown in Figure 2. This benefit is credited to the magnitude and directionality of the scattered 
light at a defined angle on the prism side.  
Comparing the bare gold film and the thiophenol monolayer, there is a 0.07° shift in the 
angle that produces the maximum cone intensity. This shift is consistent with what has been 
reported in the literature for self-assembled monolayers measured by surface plasmon resonance 
where the reflectivity minimum is measured.50-52 Similarly, there is an increase in the cone 
diameter comparing the bare gold film (2.639 ± 0.003 cm) and the monolayer (2.863 ± 0.005 cm) 
as shown in Figure 4B. The increase in the angle that produces the maximum cone intensity and 
the increase in the cone diameter are attributed to the changes in the local refractive index of the 
dielectric medium adjacent to the gold film. Both parameters exhibit monolayer sensitivity, and 
sub-monolayer sensitivity is expected.  
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Figure 4. (A) Directional Raman spectrum of a self-assembled monolayer of thiophenol at a 
Weierstrass prism/50-nm gold/thiophenol/air interface in the Kretschmann geometry. The 
acquisition time is 10 s with 3 accumulations using an incident power of 200 mW. The asterisks 
(*) represent a peak that originates from the sapphire prism. (B) An overlay of the surface-
plasmon-polariton cones for (blue) thiophenol self-assembled monolayer and (white) bare gold 
film acquired at the incident angle producing the maximum cone intensity of 35.60° and 35.53°, 
respectively. 
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Quantification and Modelling of the Cone Diameter, Cone Intensity, and Raman Scattering 
Polymer films of ~10 to 100-nm thickness were used to quantify the cone intensity and 
diameter. An image of the overlaid experimental cones for 10 and 50-nm poly(bisphenol A 
carbonate) films (Figure 5A) and 30, 60, 70, 80, 90, 100-nm polystyrene films (Figure 5B) are 
shown at the incident angle producing the maximum cone intensity, which varies with each 
sample as discussed below. The calculated cone diameters for poly(bisphenol A carbonate) films 
(Figure 5C) and polystyrene films (Figure 5D) correlate very well with the experimental cone 
diameters in Figure 5A and 5B, with an average percent difference of 1%. The emission cone 
diameter increases with increasing sample thickness due to the increase in the angle of the 
directionally scattered light through the Weierstrass prism as shown by the calculated far-field 
angular radiation pattern (Figure S3). Both the calculated and experimentally measured cone 
diameter quadratically increase with polymer thickness (Figure 5E). While the absolute cone 
diameter is dependent on the system optics, it can be concluded that the cone diameter is 
sensitive to the thickness of the adsorbate layer (as quantified below).  
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Figure 5. (A, B) Experimentally measured and (C, D) calculated surface-plasmon-polariton cone 
for 10 nm (pink), 30 nm (gold), 50 nm (cyan), 60 nm (white/black), 70 nm (red), 80 nm (blue), 
90 nm (green) and 100 nm (purple) polymer films. Polymer films are composed of (A, C) 
poly(bisphenol A carbonate) and (B, D) polystyrene. The experimental and calculated cones 
have been overlaid for easier comparison. The calculated cone used the polymer thicknesses 
obtained from profilometry measurements (SI Figure 1S). The incident angles at which the 
experimental cones were collected are 36.00°, 37.45°, 40.15°, 40.94°, 43.59°, 45.76°, 48.00°, 
and 50.22° for the increasing polymer thicknesses, respectively. The indices of refraction for 
poly(bisphenol A carbonate) and polystyrene are the same under these experimental conditions. 
(E) Graphs of experimental (black circle) and calculated (red triangle) cone diameter as a 
function of polymer thickness. The black dashed line represents a polynomial fit for the 
experimental data and the red dash line represents a polynomial fit for the calculated data (y = 
(2.679±0.005) + (0.0067±0.0005)x + (0.000047±0.000006)x2; R2 = 0.988). 
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Figure 6A and 6B show the measured cone intensity and calculated reflected light 
intensity from the interface as a function of incident angle for the polymer samples. As with the 
calibration plot for the cone diameter (Figure 5E), the incident angle that produces the maximum 
cone intensity quadratically increases with polymer thickness (Figure 6C). SPR-based techniques 
are inevitably not linear over a broad range of thicknesses or indices of refraction as reported by 
Corn et al.,53 although the calibration can be considered linear over a narrow range of thicknesses 
or indices of refraction. Additionally, the cone intensity as a function of incident angle is well 
modelled by the calculated surface plasmon resonance angle and is sensitive to sample thickness. 
 The Raman spectra of 10-nm poly(bisphenol A carbonate) and 100-nm polystyrene films 
collected at an incident angle that produces the largest signal are shown in Figure S4. There are 
only minor differences in the relative intensities of the peaks when comparing the spectra for the 
bulk powder and the thin films; these minor differences can be explained by the varying spectral 
background. The directional RS data collected over the full range of incident angles for the 
poly(bisphenol A carbonate) (Figure 7A, C) and polystyrene (Figure 7B, D, E, F, G, and H) films 
with varying thicknesses are plotted as their Raman shift versus the incident angle with the color 
scale representing the Raman scattering intensities.  
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Figure 6. (A) Calculated angle dependent reflectivity curves and (B) the measured angular 
dependence of the surface-plasmon-polariton cone intensity for 10 nm (pink), 50 nm (cyan) 
poly(bisphenol A carbonate) and 30 nm (gold), 60 nm (black), 70 nm (red), 80 nm (blue), 90 nm 
(green) and 100 nm (purple) polystyrene films. (C) Plot of the measured incident angle that 
produces the maximum cone intensity (black circle) and the calculated surface plasmon 
resonance angle using the polymer thickness obtained from profilometry measurements (red 
triangle). The black dashed line represents a polynomial fit for the experimental data and the red 
dash line represents a polynomial fit for the calculated data (y = (35.70±0.02) + (0.025±0.001)x 
+ (0.00123±0.00002)x2; R2 = 0.998). 
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The 890 cm-1 and 995 cm-1 peaks assigned to poly(bisphenol A carbonate) have the 
highest intensity in the angular range from 35.92° to 36.19° for the 10-nm film (Figure 7A). The 
1001 cm-1 and 1023 cm-1 Raman peaks of polystyrene have the highest intensity in the angular 
range from 36.03° to 38.78° for the 30-nm film (Figure 7B). There is also an increase in the 
background at the angles that produce the maximum Raman scattering. A cross-section of the 
peak amplitude (solid colored lines) and the calculated sum square electric field as a function of 
incident angle (dashed gray line) show a good agreement for all the polymer films (Figure 7I). A 
quadratic increase in the angle producing the maximum Raman scattering intensity is observed 
with increasing polymer thickness. Averaging over all the samples, the maximum Raman 
scattering intensity is measured within 0.5° of the angle producing the maximum cone intensity.  
The smallest difference in the adsorbate thickness (i.e., with a ~1.575 index of refraction) 
that can be measured when considering the limits of the instrument resolution is the same for all 
three parameters collected on the directional RS instrument and is 0.6 nm. When measuring the 
cone intensity and Raman scattering, future iterations of the instrumentation can be improved 
with an angular resolution of 0.001 degrees. The smallest change in the cone diameter that can be 
measured is 0.4 cm, this parameter could also be improved by other image processing methods 
and using a camera with a larger sensitive area. Future instrument designs will compare well 
with standard SPR instrumentation, and of course have the added capability to perform sensitive 
in situ Raman measurements.  
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Figure 7. (A-H) Raman scattering intensity as a function of Raman shift and incident angle on a 
color amplitude scale. (A, C) Polymer films are composed of 10 and 50-nm thick poly(bisphenol 
A carbonate) and (B, D, E, F, G, and H) 30, 60, 70, 80, 90, 100-nm polystyrene. The Raman 
scattering intensity scale in units of counts is designated by X and Y in the color scale, with (A) 
X,Y = 6,000 to 18,000, (B) X,Y = 80,000 to 120,000, (C) X,Y = 15,000 to 32,000, (D) X,Y = 
40,000 to 80,000, (E) X,Y = 15,000 to 30,000, (F and G) X,Y = 10,000 to 20,000, and (H) X,Y = 
5,000 to 20,000. (I) Peak amplitude versus incident angle of the 890 cm-1 mode of 
poly(bisphenol A carbonate) and 1001 cm-1 mode of polystyrene, (pink) 10 nm, (gold) 30 nm, 
(cyan) 50 nm, (black) 60 nm, (red) 70 nm, (blue) 80 nm, (green) 90 nm, (purple) 100 nm film 
(solid line) and the sum square electric field (dashed gray line) calculated using the sample 
thickness obtained from profilometry measurements. The standard deviation from three replicate 
experimental measurements is not perceptible on this scale. The acquisition times for the 10 and 
50-nm poly(bisphenol A carbonate) films were 180 s and 120 s, respectively. For the 70, 80, 90, 
and 100-nm polystyrene films, the Raman spectra were collected for 30 s and for the 30 and 60-
nm polystyrene films a 120 s acquisition time was used. All polymer film spectra had 2 
accumulations to facilitate cosmic ray removal. 
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Conclusions 
The directional RS method enables the simultaneous collection of the surface-plasmon-
polariton cone intensity, cone diameter and Raman scattering as a function of incident angle with 
a single instrument. The quantitative study of all three parameters using a thiophenol monolayer 
and thin polymer films as model samples has been presented. Overall, all three measured 
parameters are well modelled with simple calculations and exhibit a quadratic dependence within 
a broad range of adsorbate thickness. It is important to note, while the films used to demonstrate 
the quantitative relationship of each parameter and adsorbate thickness were homogeneous, the 
multi-parameter directional RS method will be very beneficial for analyzing multicomponent 
films. For example, the index of refraction, thickness and chemical content of the 
multicomponent films can be simultaneously measured. The multi-parameter analysis will be 
useful for smooth films where the film morphology and composition affect its function, such as 
many films used in energy capture and conversion devices. In addition, the directional Raman 
signal with the combined measurement of the surface-plasmon-polariton cone will be a useful 
alternative to surface plasmon resonance spectroscopy when added chemical measurements are 
beneficial. 
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Supporting Information 
Thickness of poly(bisphenol A carbonate) and polystyrene films measured by 
profilometry can be found in supplemental information Figure S1. Cone images at selected 
incident angles and a movie (.AVI file) to go along with the cone images can be found in 
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supplemental information Figure S2. Calculated far-field angular radiation pattern for the cone 
diameters shown in Figure 5, can be found in supplemental information Figure S3. The Raman 
spectra of 10-nm poly(bisphenol A carbonate) and 100-nm polystyrene films from the data set 
shown in Figure 7, can be found in supplemental information Figure S4. 
 
Figure S1. Thickness of poly(bisphenol A carbonate) and polystyrene samples measured by 
optical profilometry. Data shaded in blue are poly(bisphenol A carbonate) and data shaded in 
gray are polystyrene. Uncertainties represent one standard deviation.   
 
 
Figure S2. Selected cone images at the designated incident angle from the provided 
supplemental movie. The incident angle was scanned from 0.00° to 60.00°. The movie is 
included in the Supplemental Information as an AVI file. All images of the cone were collected 
with a fixed distance between FL2 and the camera. The scale bare represents 1 cm. 
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Figure S3. Calculated far-field angular radiation pattern for (A) 10 nm (pink) and 50 nm (cyan) 
poly(bisphenol A carbonate) and (B) 30 nm (gold), 60 nm (black), 70 nm (red), 80 nm (blue), 90 
nm (green), and 100 nm (purple) polystyrene films. The angles of the directional scattered light 
are (A) 35.77° (10 nm), and 39.64° (50 nm), and (B) 37.17° (30 nm), 40.779° (60 nm), 43.19° 
(70 nm), 45.61° (80 nm), 46.35° (90 nm), and 47.55° (100 nm),  respectively. The angular 
radiation pattern on the air side has been multiplied by 20.   
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Figure S4. The directional-surface-plasmon-coupled Raman scattering spectra of (A) 10-nm 
poly(bisphenol A carbonate) and (B) 100-nm polystyrene adsorbed on a smooth planar gold film 
acquired at incident angles (𝜃𝑖𝑛𝑐) of 36.00° and 48.75°, respectively. The acquisition time was 
180 s with 2 accumulation for the 10-nm poly(bisphenol A carbonate) film and 30 s with 2 
accumulations for the 100-nm polystyrene film. The asterisk (*) represents peaks that originate 
from the sapphire prism. 
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Abstract 
Experimental data for waveguide-coupled surface-plasmon-polariton (SPP) cones 
generated from dielectric waveguides is presented. The results demonstrate a simpler route to 
collect plasmon waveguide resonance (i.e., PWR) data. In the reverse-Kretschmann 
configuration (illumination from the sample side) and Kretschmann configuration (illumination 
from the prism side), all the waveguide modes are excited simultaneously with p- or s-polarized 
incident light, which permits rapid acquisition of PWR data without the need to scan the incident 
angle or wavelength, in the former configuration. The concentric SPP cone properties depend on 
the thickness and index of refraction of the waveguide. The angular intensity pattern of the cone 
is well-matched to simulation results in the reverse-Kretschmann configuration, and is found to 
be dependent on the polarization of the incident light and the polarization of the waveguide 
mode. In the Kretschmann geometry, all waveguide-coupled SPP cones are measured at incident 
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angles that produce attenuated light reflectivity. In addition, the enhanced electric field produced 
under total internal reflection allows high signal-to-noise ratio multimodal spectroscopies (e.g., 
Raman scattering, luminescence) to measure the chemical content of the waveguide film, which 
traditionally is not measured with PWR. 
Introduction 
Surface-plasmon-polariton-coupled analysis techniques are useful methods for studying 
thin films, optical waveguides, and for monitoring real-time adsorption of molecules onto a 
metal surface [1-13]. Plasmon waveguide resonance (PWR), for example, uses both p- and s-
polarized incident light to generate guided modes within a waveguide dielectric material [14-17].  
In a typical PWR experiment, the reflectivity of light is monitored from a prism/waveguide film 
as a function of incident angle or wavelength. PWR is particularly useful for measuring the 
properties of anisotropic films.      
Two common illumination geometries used in SPP-coupled spectroscopies are the 
Kretschmann (Figure 1) and reverse-Kretschmann (Figure 2) configurations. Both configurations 
consist of an optically-coupled lower-refractive-index sample, a thin metal film and a higher-
refractive-index prism. When surface plasmons are excited in the Kretschmann configuration, a 
hollow cone of directionally scattered light (the surface-plasmon-polariton cone, or SPP cone) is 
generated on the prism side at a defined angle due to momentum conserving optical and 
roughness coupling [18]. The collection of the SPP cone from a prism/55-nm silver film/air 
interface onto photographic film was demonstrated by Simon and Guha in 1976 [19]. We 
recently reported an optical setup for collecting the full SPP cone image as a function of incident 
angle as well as the quantification of the SPP cone properties for a thiophenol monolayer and 
thin (< 100-nm) polymer films [1].  
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Figure 1. Schematic of the Kretschmann configuration. Multiple concentric SPP cones are 
measured for the analysis of waveguide samples. A Weierstrass prism is a hyper-hemisphere, 
which enables the full SPP cone to be measured. Surface plasmons are excited when the electron 
oscillation frequency of the metal substrate matches the wave vector 𝑘(𝜔) of incident light that 
travels through a prism with index of refraction 𝜂𝑝. (frequency of light 𝜔, incident angle of light 
𝜃𝑖𝑛𝑐, speed of light in a vacuum 𝑐)  
 
A SPP cone can also be produced in the reverse-Kretschmann configuration, wherein the 
incident laser illuminates from the sample side with an orientation that is perpendicular to the 
interface. The angular intensity of the SPP cone (defined in Figure 3) on the prism side varies 
with both the polarization of the incident light and the scattered light. Braundmeier and 
Tomaschke [18] reported on the angular intensity patterns of the SPP cone with p- and s-
polarized light incident on the air/Ag/prism interface in the reverse-Kretschmann configuration. 
A single SPP cone with a nonuniform angular intensity pattern was observed. The maximum 
cone intensity was recorded in the vertical plane for s-polarized incident light and horizontal 
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plane for p-polarized light. The authors concluded that the maximum intensities around the SPP 
cone match the orientation of the incoming photons, although the angular intensity pattern of the 
SPP cone was not modeled. 
 
Figure 2. Schematic of the reverse-Kretschmann configuration. Illumination is from the sample 
side and the incoming rays are at normal incidence to the sample.  
 
Previous reports showing SPP cones did not study waveguide films, rather they focused 
on bare metal films or thin films that did not meet the waveguide criterion. Plasmon waveguide 
structures consist of a thin metal film coated with a dielectric layer of thickness ~ 
𝜆
2𝜂
 or greater, 
where 𝜆 is the excitation wavelength and 𝜂 is the dielectric material’s refractive index [20, 21]. 
Several waveguide-coupled spectroscopies have been reported that enable sensitive 
measurements as a result of the enhanced signals produced by the resonant excitation of 
electromagnetic modes in the waveguide structure [16, 22-24]. To date, these techniques have 
not relied on measurements of the waveguide-coupled SPP cones, despite the useful information 
that they encode and the simplicity of not needing to scan the incident angle or wavelength of 
light. This may be in part due to the lack of experimental data for waveguide-coupled SPP cones. 
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(Experimentally measured data has, it should be noted, been reported for a related technique 
called surface-plasmon-coupled emission (SPCE) wherein the signal originates from 
fluorophores located in close proximately to a metallic surface [25-29]. In these experiments, the 
SPCE cones were projected onto a flat surface, which was subsequently photographed).   
Simulations to model directional scattering phenomena have been reported by Nils 
Calander [30] and Zhi-Mei Qi [31, 32]. Calander’s simulation was based on Fresnel’s equations 
and the Weyl identity theorem for expressing the electromagnetic energy density of the cone 
emanating from a dipole inside a thin polymer film. The simulation results were comparable to 
the experimental SPCE results of Gryczynski, Lakowicz, and Malicka [25, 27, 33, 34]. Qi and 
coworkers’ simulations were based on Fresnel’s equations and optical reciprocity theorem [31, 
32]. They simulated a plasmon waveguide structure in the Kretschmann configuration with a 
dipole emitter positioned at various locations within the waveguide dielectric layer, which was 
placed between a gold film and an air layer. The authors concluded that the angular intensity of 
the waveguide-coupled SPP cones was influenced by the dipole’s orientation and distance from 
the metal surface. No experimental waveguide-coupled SPP cone data were presented. 
Herein, we report the experimentally measured properties of waveguide-coupled SPP 
cones with reverse-Kretschmann and Kretschmann illumination geometries. The experimental 
properties measured in the reverse-Kretschmann configuration include the angular intensity 
patterns of the waveguide-coupled SPP cones, their polarization dependence, and cone angles. In 
the Kretschmann configuration, in addition to images of the waveguide-coupled SPP cones, the 
directional Raman signal is also recorded. The signals are well modeled using standard optical 
modeling [30, 35] and three-dimensional finite-difference time-domain simulations. We propose 
that the waveguide-coupled SPP cone properties reported herein enable a simple and 
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information-rich method for collecting plasmon waveguide resonance data in a single image 
without the need to scan the incident angle or frequency of light during data collection.  
Materials and Methods 
Sample Preparation 
The waveguide samples were prepared on 25.4 mm diameter sapphire substrates obtained 
from Meller Optics (Providence, RI). Prior to preparing the waveguide films, a 2-nm titanium 
(99.999% pure Ti) adhesive layer and 50-nm gold (99.999% pure Au) layer were deposited on 
clean sapphire disks. The metal deposition was performed by Platypus Technologies LLC., 
Madison, WI. The surface roughness (RMS) of the gold deposition was 0.2 nm (reported by the 
film manufacturer). The gold films were immersed in piranha solution (3:1 mixture of sulfuric 
acid (assay 99.999%, CAS# 7664-93-9, Sigma-Aldrich St. Louis, MO) and hydrogen peroxide 
(assay 31.7%, CAS# 7722-84-1, Fisher Chemical Pittsburgh, PA) for three minutes to ensure a 
clean gold surface. [Piranha solution will cause chemical and thermal burns if not handled 
with extreme caution]. Deionized water from an 18.2 MΩ cm-1 EasyPure II filtration system 
(Thermo Scientific, Waltham, MA) was used to rinse the gold films after the piranha cleaning 
process. A 50:50 (v/v) 200 proof ethanol (assay 99.5%, CAS# 64-17-5, Sigma-Aldrich St. Louis, 
MO) and deionized water mixture was prepared for sonicating the gold films for five minutes 
with an ultrasonic cleaner followed by drying in a stream of N2 gas.  
A sputter-up-type sputtering system (ATC 1800-F, AJA International, Scituate, MA) was 
used for RF sputtering ~400-nm of silica (SiO2, purity 99.0-99.9999%) onto a 2-nm Ti/50-nm 
Au coated sapphire disk substrate. The sputtering system was equipped with a quartz crystal 
thickness monitor (TM-350/400, Maxtek Inc, Cypress, CA). Silica sputtering was achieved using 
a RF power of 135 W, argon pressure of ~3 mTorr and a substrate rotation rate of 20 rpm. 
Poly(methyl methacrylate) (PMMA, Mw = ~120,000, CAS# 9011-14-7) and polystyrene (PS, Mw 
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= 192,000, CAS# 9003-53-6) were purchased from Sigma-Aldrich (St. Louis, MO) and prepared 
in anhydrous toluene (assay 99.8%, CAS# 108-88-3, Fisher Chemical Pittsburgh, PA) at 
concentrations of 0.10005 and 0.1030 g ml-1 of PMMA and 0.0255, 0.0785, 0.0814, and 0.0926 g 
ml-1 of PS. Poly(4-vinylphenol) (PVPh, Mw = ~11,000, CAS# 24979-70-2) purchased from 
Sigma-Aldrich (St. Louis, MO) was prepared in 200 proof ethanol at concentrations of 0.08997 
and 0.1119 g ml-1. All the waveguide films were then prepared by spin coating 200 µL of the 
PMMA, PS, and PVPh solutions on separate gold-coated sapphire disks at 3000 rpm for one 
minute using a KW-4A spin coater (Chemat Technology, Inc. Northbridge, CA). A 0.0255 g ml-1 
PS solution was spin-coated on top of ~400 nm silica waveguide film after data were collected 
for the bare silica film. The polymer waveguides were left to dry overnight in ambient conditions 
to make certain the solvent was completely evaporated.  
Ellipsometry Thickness Measurements 
The thickness of nine waveguide films was measured using a spectroscopic ellipsometer 
(J. A. Woollam 𝛼-SE, J. A. Woollam Co. Inc., Lincoln, NE, USA) operating in the wavelength 
range of 380-900 nm at 65°, 70° and 75° angles of incidence with a 10 second data acquisition 
rate. The measured psi (Ψ) and delta (Δ) parameters were fit to multilayer film models using the 
CompleteEaseTM software package. The refractive index η and absorption coefficient k of the 
gold substrate were first determined using a two-phase air/gold substrate model. The thicknesses 
of the silica and polymer films were then determined by fitting ellipsometry data to three- and 
four-layer air/waveguide/gold substrate models. Measurements were taken at five different 
locations on the samples and an average thickness and standard deviation of the waveguide films 
were computed (Table 1). Subsequently, the refractive index of a bulk poly(4-vinylphenol) film 
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was determined at 785 nm (i.e., the excitation wavelength of the near-infrared laser used to 
collect the experimental data) by ellipsometry. 
 
Table 1. Thicknesses of the indicated waveguide dielectric samples. 
concentration (g mL-1) ellipsometry thickness (nm)b 
SiO2
  354 ± 1 
SiO2 : 0.0255 PS 
a 354 ± 1 : 100 ± 10 
0.0900 PVPh 404 ± 2 
0.1001 PMMA 411 ± 5 
0.1119 PVPh 496 ± 3 
0.1030 PMMA 516 ± 3 
0.0785 PS 543 ± 1 
0.0814 PS 602 ± 8 
0.0926 PS 717 ± 2 
a The waveguide sample consists of polystyrene on top of a SiO2 waveguide 
substrate (SiO2 : PS).
  
b The uncertainties represent the standard deviations from five different locations 
on the sample. 
 
Waveguide-coupled SPP Cone Measurements  
In the Kretschmann configuration (Figure 1), the gold film was coated on a sapphire 
substrate and optically coupled to a sapphire Weierstrass-type prism (ISP Optics Irvington, NY) 
with a η = 1.7400 (at the sodium D line) index matching fluid solution (Cargille Laboratories 
Inc., Cedar Grove, NJ). The sample holder designed to secure the prism and the gold substrate 
was placed on a previously described instrument [1]. In the reverse-Kretschmann configuration 
(Figure 2), the laser was directed perpendicular to the sample from the front side. A digital image 
of the entire SPP cone was acquired with a 75 mm (f/1.3) Kameratori TV Lens (Tampere, 
Finland) attached to a 11.340 mm × 7.130 mm, 2.32 mega pixel CMOS sensor (IDS Imaging 
Development Systems GmbH, Obersulm, Germany) [1]. The SPP cone was acquired with both 
p- and s-polarized illumination. A near-infrared polarizer was used to further enhance the 
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linearly polarized laser and a half-waveplate was used to switch between p- and s-polarized light. 
Translational mirrors were controlled by software integrated with a stepper motor used to scan 
the incident angle from 0.00° to 65.00° with 0.06° angle resolution. The experimental 
waveguide-coupled SPP cone diameter was determined from a CMOS calibration image of a 
ruler placed between the Weierstrass prism and the collection lens (Figure S1). Three to five 
waveguide-coupled SPP cone images were acquired for the same polymer waveguide sample to 
determine a cone angle average and standard deviation. 
Waveguide-coupled Directional Raman Measurements 
In the Kretschmann configuration, directional Raman scattering was measured as a 
function of incident angle with p- and s-polarized 200 mW 785-nm light. The spectra were 
acquired with either 30 or 60 s acquisitions for three accumulations at the angle that produced the 
most intense SPP cone intensity. Three replicate measurements were obtained for each sample. 
All spectra were collected at room temperature. 
Simulation of the Electric Field Intensity Distribution Around the Waveguide-coupled 
Directional-surface-plasmon-polariton Cones 
Data were modeled using standard optical calculations [30, 35]. Three-dimensional finite-
difference-time-domain (FDTD) simulations (EM Explorer, San Francisco, CA) were used to 
calculate the angular intensity pattern around the cone by looping over alpha (α) while 
computing the scattered field in planes orientated in different radial directions (Figure 3). The 
angle α was scanned between 0° to 360° with 3° resolution at an excitation wavelength of 785 
nm. The base interface included a sapphire prism (η = 1.7619) [36], gold film (η = 0.1431, k =  
4.799) [37], waveguide, and air (η = 1.000) [38]. The thicknesses of the prism and air layers 
were semi-infinite compared to the waveguide (≥ 300 nm) and the gold (50 nm) layers. The 
dielectric waveguide materials were: silica (η = 1.454) [39], poly(methyl methacrylate) (η = 
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1.48452) [40], polystyrene (η = 1.57826) [41], or poly(4-vinylphenol) (η = 1.560, determined at 
785 nm using ellipsometry and a 1-micron thick film) of varying thicknesses (Table 1).  
 
Figure 3. The angular intensity of the SPP cone is the intensity of light as ⍺ is rotated from 0° to 
360°. The parameter β describes the orientation of the dipole producing the signal.  
 
The simulation tool was designed for periodic boundary conditions in the lateral direction 
and the calculations assumed all layers were homogenous. A 25-nm Yee cell size was used in the 
simulation to obtain high resolution calculations at a reasonable simulation time using a 64-bit 
operating system with an Intel (R) Core ™ i7-4770 processor (CPU @ 3.40 GHz). The total 
number of cycles for computation was set to 100. A scattering dipole was placed at the center of 
the waveguide layer between the gold and air layers (Figure S2). The scattering dipole was 
expressed as plane waves in the EM Explorer finite-difference-time-domain simulation script 
(included in the Supporting Information) and its radiation wavelength was λ = 785 nm. The 
orientation of the scattering dipole was given by the beta (β) parameter (Figure 3). For p-
polarized excitation, β = 90°, respectively. The calculated waveguide-coupled SPP cone 
diameter was determined using the SPP cone angle obtained from the simulations and the 
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inverse-tangent of the distance between the prism (i.e., sample interface) and detector. A Python 
(v3.6) script with Matplotlib plotting library was implemented to plot a 2D representation of the 
log of the angular electric field intensity around the concentric cones as a function of cone angle. 
Results and Discussion 
Quantification and Modeling of the Waveguide-coupled SPP Cones with Reverse-
Kretschmann Raman Illumination 
The experimentally measured and calculated waveguide-coupled SPP cones for a 354 ± 1 
nm silica over 50-nm Au film are shown in Figure 4A. Three concentric SPP cones are observed. 
The spacing between the cones when comparing the experimental and calculated data do not 
always match. This discrepancy is the result of the optics used to image the cones, which can 
cause image compression, particularly at large cone angles (i.e., the outer cones). The image 
compression is compensated for as described in Figure S1, and the angle at which each SPP cone 
is generated is determined. The experimentally measured cone angle is matched with the 
calculated angles to assign a waveguide mode to each cone (Table 2). The inner cone 
corresponds to waveguide mode 0 for p-polarized light (mp = 0), the middle cone corresponds to 
waveguide mode 0 for s-polarized light (ms = 0), and the outer cone corresponds to the SPR 
mode. As expected, the SPP cone image is rotated by 90° when the incident light is switched 
from p- to s-polarization (Figure 4A). Figure 4B illustrates the relationship between the 
polarization of the incident light, the polarization of the waveguide mode, and the resulting 
angular intensity pattern of the SPP cone. When the polarization of the waveguide mode matches 
the polarization of the excitation source, the areas of maximum SPP cone intensity are in the 
horizontal plane using this experimental setup. In contrast, when the polarization of the 
waveguide modes is orthogonal to the polarization of the excitation source, the maximum cone 
intensity is measured in the vertical plane.  
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Figure 4. Experimentally measured (black/white scale) and calculated (color scale, shown in a 
logarithmic base 10 scale) waveguide-coupled SPP cones for a 354 ± 1 nm SiO2 waveguide 
sample acquired in the reverse-Kretschmann configuration with (left) p- and (right) s-polarized 
incident light. The cone angles for the three waveguide modes are listed in Table 2. (B) 
Schematic showing the relationship between the waveguide mode assignment, the polarization of 
the excitation source, and the resulting angular intensity pattern in the reverse-Kretschmann 
configuration. 
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After coating a 100 ± 10 nm polystyrene film onto the 354 ± 1 nm silica waveguide 
substrate (SiO2 : PS), two waveguide modes (mp = 0, ms = 0) and one SPR mode (mp = SPR) are 
still observed. All the modes, however, appear at larger cone angles compared to the bare silica 
waveguide (Table 2 and Figure S3). The waveguide-coupled SPP cone properties in the reverse-
Kretschmann configuration were further tested using seven polymer waveguides with 
thicknesses ranging from ~400 to 720 nm. Three different polymers were used to make the 
waveguides, including: polystyrene (index of refraction at 785 nm, η = 1.57826), poly(4-
vinylphenol) (η = 1.560), and poly(methyl methacrylate) (η = 1.48452). Images of the SPP cones 
using p-polarized incident light are shown in Figure 5 and using s-polarized incident light in 
Figure S4. In this instrumental configuration, the setup allows cone angles in the range of ~30° to 
~50° to be measured. SPP cones outside this range (i.e., the SPR modes for the 411 ± 5 nm and 
516 ± 3 nm poly(methyl methacrylate) waveguide samples) cannot be measured with existing 
instrumentation due to the limiting aperture of the collection lens.  
 
Table 2. Measured and calculated waveguide-coupled SPP cone angles (θcone) with illumination 
in the reverse-Kretschmann configuration. 
ellipsometry thickness (nm) mpolarizationa experimental θcone (°) b calculated θcone (°) 
354 ± 1 SiO2 
mp = 0 
ms = 0 
mp = SPR 
32.15 ± 0.04 
39.7 ± 0.2 
45.7 ± 0.2 
32.15 
39.90 
45.80 
354 ± 1 SiO2 : 100 ± 10 PS 
mp = 0 
ms = 0 
mp = SPR 
35.36 ± 0.07 
41.74 ± 0.02  
49.01 ± 0.03 
35.39 
41.72 
49.04 
a The waveguide mode assignment is designated mpolarization , where the polarization is 
either p- or s-polarized; SPR = surface plasmon resonance. 
b The uncertainties represent the standard deviation of the cone angles from the SPP cone 
images acquired with p- and s-polarized light. 
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Both the thickness and the index of refraction of the waveguide affect the waveguide-
coupled SPP cone properties. There is an increase in the number of waveguide-coupled SPP 
cones with increasing polymer thickness [20], with four cones measured for the thickest 717 ± 2 
nm polystyrene waveguide. The mp = 1 cone (i.e., the innermost cone denoted by dashed line) 
for the 602 ± 8 nm polystyrene waveguide film does not show well in the calculated results, but 
is measured experimentally. This polymer thickness is at the cusp of supporting waveguide mode 
mp = 1, and as a result a small uncertainty in the waveguide thickness can affect whether the 
mode appears in the calculated results.  
 
Figure 5. Experimentally measured (black/white scale) and calculated (color scale, shown in a 
logarithmic base 10 scale) waveguide-coupled SPP cones showing the angular intensity patterns 
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for 404 ± 2 nm poly(4-vinylphenol) (PVPh), 411 ± 5 nm poly(methyl methacrylate) (PMMA), 
496 ± 3 nm PVPh, 516 ± 3 nm PMMA, 543 ± 1 nm polystyrene (PS), 602 ± 8 nm PS and 717 ± 2 
nm PS waveguide structures with reverse-Kretschmann p-polarized illumination. The 
experimental and calculated cone angles are listed in Table S1 and data using s-polarized 
incident light are shown in Figure S4. The inner cone (mp = 1) for the 602 ± 8 nm polystyrene 
waveguide is very faint in the calculated results on this color scale and is represented by the 
added dashed white lines.  
 
Figure 6 shows the cone angles for all seven polymer waveguide films. When considering 
the same polymer material, the cone angle for a particular waveguide mode increases with 
increasing thickness (Figure 6 and Table S1). This is due to an increase in the refractive index of 
the layer adjacent to the metal film that alternates the wave vector of the surface plasmons [42]. 
The sensitivity is defined as the lowest change in the waveguide-coupled SPP cone angle per 
change in the polymer waveguide thickness and is reported as a ratio degrees nm-1. The 
sensitivity is determined from the slope of the fit line for the individual waveguide modes in 
Figure 6. In the reverse-Kretschmann configuration, the sensitivity is 0.009° nm-1 for waveguide 
mode (ms = 0), 0.02° nm
-1 (mp = 0), 0.03° nm
-1 (ms = 1) and 0.02° nm
-1 (mp = 1), respectively. 
Abbas et al. report a PWR sensitivity of 0.010° nm-1 using a 510-nm silica waveguide and a gold 
film with a scanning angle (i.e., reflectivity) measurement [43]. While not all experimental 
parameters are equal, this does show the sensitivity of the waveguide-coupled SPP cone 
measurement is similar to reported PWR experiments. Abbas et al. also report a higher 
sensitivity using a silver film, which would also be expected for the measurements of the 
waveguide-coupled SPP cone.  
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Figure 6. Plot of the reverse-Kretschmann cone angles as a function of polymer thickness for 
each waveguide mode represented by the symbols (▲) ms = 0, (●) mp = 0, (■) ms = 1, and (♦) mp 
= 1 generated from (red trace) PMMA, (gold trace) PS, and (black trace) PVPh. The 
experimental and calculated cone angles are listed in Table S1. The error bars representing the 
standard deviation of the cone angles are not visible on this scale (the average standard deviation 
is 0.04°). 
 
Waveguide-coupled SPP Cone Angular Intensity Pattern and Directional Raman 
Scattering Measurements with Kretschmann Illumination 
In the Kretschmann configuration, there are two relevant angles: the angle of incident 
light that produces the SPP cones (θinc) and the angle at which the SPP cones are projected 
(θcone). The incident angle is always larger than SPP cone angle. The incident angles at which the 
waveguide modes are generated correlate with the calculated attenuation of the reflected light 
(Figure 7). Both the incident and SPP cone angles are shifted to higher values when 100 ± 10 nm 
polystyrene is coated over the 354 ± 1 nm silica film, as expected. There is a wider incident 
angle range over which the SPP cones are measured compared to the calculated reflectivity, 
which is a result of a small angle spread in the incident angle. The sensitivity could be further 
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improved by optimizing the instrument’s optics to generate a single incident angle, rather than 
the small range of incident angles that are currently produced. 
 
Figure 7. Experimentally measured waveguide-coupled SPP cone intensity acquired in the 
Kretschmann configuration (dotted line) and calculated Fresnel reflectivity (solid line) for (top) 
354 ± 1 nm silica (SiO2) and (bottom) 354 ± 1 nm SiO2 : 100 ± 10 nm polystyrene (PS) 
waveguide films. The red and black curves correspond to s- and p-polarized incident light, 
respectively. The experimental/calculated incident angles (θinc) for the bare SiO2 waveguide 
modes are: 34.80°/34.88° (mp = 0); 44.58°/44.54° (ms = 0); and 58.77°/58.98° (mp = SPR). The 
experimental/calculated incident angles for the SiO2 : PS waveguide modes are: 39.44°/39.42° 
(mp = 0); 49.19°/49.19° (ms = 0); and 59.79°/59.79° (mp = SPR).  
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Images of the SPP cones were collected at every incident angle at which the reflected 
light intensity was maximally attenuated in the Kretschmann configuration (Table S2). The 
waveguide-coupled SPP cone image acquired at an incident angle of 34.80° (the incident angle 
associated with mp = 0) for the 354 ± 1 nm silica waveguide is shown in Figure 8. As with 
reverse-Kretschmann illumination, multiple concentric SPP cones are observed. Since all the 
waveguide modes can be excited simultaneously with p- or s-polarized incident light at a single 
incident angle, this represents a simple new strategy for quantifying the properties of a 
waveguide, or adsorption to a waveguide, in the Kretschmann geometry. The presence of both 
scattered and reflected light from the through-prism illumination in the Kretschmann 
configuration (on the right and left of the image in Figure 8) make it difficult to measure the 
angular intensity pattern around the entire cone, particularly with the polymer waveguide 
samples. For this reason, the SPP cone intensities were only analyzed in the vertical direction 
where the background is minimized. The incident angles that produce SPP cones and the SPP 
cone angles have a linear dependence (Figure 9), which makes it straightforward to determine 
the optimum incident angle for data collection. Using the cones angles measured from an image 
acquired in the reverse-Kretschmann configuration, the incident angle of light that generates SPP 
cones in the Kretschmann configuration can be determined. This reduces the acquisition time for 
collecting PWR data in the Kretschmann configuration since there is no need to scan a large 
angle range to collect the SPP cones.  
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Figure 8. Waveguide-coupled SPP cone image acquired with p-polarized incident light directed 
at θinc = 34.80° (mp = 0) in the Kretschmann configuration for the 354 ± 1 nm silica waveguide 
film. The inner and outer cones represent waveguide modes mp = 0 and ms = 0, respectively. The 
high background at the left of the image is from reflected and scattered light from the sapphire 
prism. The optics that direct the incident light (right) and block a majority of the reflected light 
(left) are observed in the image. 
 
A comparison of the reverse-Kretschmann and Kretschmann cone angles is shown in 
Figure 10. There is a linear dependency for the cone angles acquired in both the Kretschmann-
type configurations across all waveguide thicknesses, with an average deviation of 0.05° for all 
the data collected. This means the sensitivity (° nm-1) is the same for both illumination 
geometries. A benefit of utilizing the Kretschmann configuration, which produces total internal 
reflection, is the ability to measure directional Raman signals from thin films with high signal-to-
noise ratio spectra (Figure S5). This provides chemical information about the waveguide 
structure as well as the identity of the adsorbed species. None of the waveguide films produced 
detectable Raman signal with the reverse-Kretschmann illumination using the same instrument 
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components. Furthermore, the advantages and disadvantages of the reverse-Kretschmann and 
Kretschmann illumination geometries are summarized in Table S3. 
 
Figure 9. Experimental waveguide-coupled SPP cone angles measured in the Kretschmann 
configuration versus incident angle for all nine waveguide samples. The linear fit (dotted red 
trace) of the experimental data is [y = 0.705x + 7.662; R2 = 0.9958]. The error bars representing 
the standard deviation of the SPP cone angles are not visible on this scale (the average standard 
deviation is 0.06°). Table S2 shows the values of the cone angles and incident angles of all nine 
waveguide films.  
 
Conclusions 
The data demonstrate a method for collecting PWR data using images of SPP cones from 
dielectric waveguide films on a noble metal surface in both the reverse-Kretschmann and 
Kretschmann configurations. Waveguide properties (e.g., thickness, index of refraction) can be 
determined from a single SPP cone image because all the waveguide modes are excited 
simultaneously and observed with p- or s-polarized light. Similarly, it will be straightforward to 
extend the presented work to measure adsorption on the waveguide surface. In the reverse 
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Kretschmann geometry, there is no need for additional optics to vary the incident angle of light, 
and the angular intensity pattern of the cones encodes information about polarization of the 
various modes. In addition, the Kretschmann configuration enables sensitive spectral 
measurements, such as Raman scattering for example, since the illumination conditions produce 
total internal reflection and enhanced electric fields at the interface. Both illumination 
configurations have similar sensitivities that parallel those reported in the literature for scanning 
angle PWR measurements, but require no moving parts to collect. Measurements of waveguide-
coupled SPP cones will enable the study of morphology, composition and chemical structure for 
thin films, such as those found in optoelectronics, sensing devices, and in separations.    
 
Figure 10. Plot of the experimental SPP cone angles measured in the reverse-Kretschmann 
configuration versus the Kretschmann SPP cone angles for all the waveguide dielectric 
structures. The linear fit (dotted red trace) of the experimental data is [y = 1.001x – 0.027; R2 = 
0.9997]. The error bars represent standard deviations of the SPP cone angles obtained in the two 
Kretschmann-type configurations and are not visible on this scale.   
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Supporting Information 
 
Figure S1. An image of the SPP cone for a gold film measured in the Kretschmann 
configuration with a metal ruler placed in the collection path. The lens compression of the SPP 
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cone diameter is evident in the image. To correct for the compression, a calibration plot of pixel 
versus the ruler readings was generated. The plot was fit with a nonlinear cubic polynomial 
function [y = (8.75×10-9)x3 – (6.99×10-6)x2 + 0.00697x – 0.0162]. The Radial Profile Plot Java 
Script in Image-J 1.44p (National Institutes of Health, USA) was used to obtain the measured 
cone diameter of SPP cones, which was an input in the cubic polynomial equation to obtain the 
corrected diameter. The experimental SPP cone angle was calculated using the inverse-tangent of 
the distance between the prism (i.e., sample interface) and detector as well as the corrected radius 
of the SPP cone. The translation mirrors used to block the incident light and the reflected light 
from reaching the detector appear on the left and right side of the image. In contrast to data 
shown in other figures, the room lights were on when this image was collected.   
 
 
Figure S2. Schematic of the simulation layout with a planar structure and a dipole located in the 
middle of the sample (i.e., dielectric waveguide) layer. Schematic is not drawn to scale. The EM 
Explorer finite-difference-time-domain simulation script used to calculate the angular intensity 
pattern around the cone can be found at the end of Supporting Information. 
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Figure S3. Experimental and calculated waveguide-coupled SPP cones for 354 ± 1 SiO2 : 100 ± 
10 PS waveguide sample acquired in the reverse-Kretschmann configuration with (left) p- and 
(right) s-polarized incident light. The calculated angular intensity plot is represented as a 
logarithmic base 10 scale. The inner, middle, and outer cones represent waveguide modes mp = 
0, ms = 0, and mp = SPR, respectively. 
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Figure S4. Experimentally measured (black/white scale) and calculated (color scale, shown in a 
logarithmic base 10 scale) waveguide-coupled SPP cones showing the angular intensity patterns 
for 404 ± 2 nm poly(4-vinylphenol) (PVPh), 411 ± 5 nm poly(methyl methacrylate) (PMMA), 
496 ± 3 nm PVPh, 516 ± 3 nm PMMA, 543 ± 1 nm polystyrene (PS), 602 ± 8 nm PS and 717 ± 2 
nm PS waveguide structures with reverse-Kretschmann  s-polarized illumination. The missing 
inner cone is represented by the dashed white lines in the calculated angular intensity pattern for 
the 602 ± 8 nm PS waveguide (additional details in the legend for Figure 5).  
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Figure S5. The waveguide-coupled directional Raman spectra of (A) 354 ± 1 nm SiO2, (B) 411 
± 5 nm PMMA, (C) 496 ± 3 nm PVPh and (D) 602 ± 8 nm PS on a smooth planar gold film 
using (black) p- and (red) s-polarized 200-mW 785-nm incident light. The spectra were collected 
at the following incident angles corresponding to the listed waveguide mode: (A) 34.80° (mp = 
0) and 44.58° (ms = 0); (B) 37.38° (mp = 0) and 47.97° (ms = 0); (C) 35.63° (ms = 1) and 45.08° 
(mp = 0) and (D) 34.65° (mp = 1) and 42.14° (ms = 1). The acquisition times were 60 s with 2 
accumulations for collecting the Raman signal from the polymer waveguide films, except the s-
polarized spectrum of SiO2 and the p-polarized spectrum of PVPh, which were collected for 30 s 
with 2 accumulations. The asterisk (*) represents the Raman peaks of the polymer for clarity in 
distinguishing them from the background. 
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Table S1. Measured and calculated waveguide-coupled SPP cone angles for all the waveguide 
samples with illumination in the reverse-Kretschmann configuration. 
ellipsometry thickness (nm) mPolarization a experimental θcone (°) b calculated θcone (°) 
404 ± 2 PVPh 
mp = 0 
ms = 0 
35.39 ± 0.05 
44.327 ± 0.001 
35.39 
44.30 
411 ± 5 PMMA 
mp = 0 
ms = 0 
mp = SPR 
34.04 ± 0.03 
41.64 ± 0.03 
- 
34.01 
41.68 
50.91 
496 ± 3 PVPh 
ms = 1 
mp = 0 
ms = 0 
32.689 ± 0.004 
39.56 ± 0.06 
45.88 ± 0.03 
32.65 
39.56 
45.87 
516 ± 3 PMMA 
ms = 1 
mp = 0 
ms = 0 
mp = SPR 
31.867 ± 0.005 
37.75 ± 0.02 
43.49 ± 0.05 
- 
31.86 
37.76 
43.43 
49.94 
543 ± 1 PS 
ms = 1 
mp = 0 
ms = 0 
35.21 ± 0.07 
41.86 ± 0.06 
47.06 ± 0.05 
35.20 
41.89 
47.07 
602 ± 8 PS 
mp = 1 
ms = 1 
mp = 0 
ms = 0 
31.930 ± 0.002 
37.56 ± 0.02 
43.57 ± 0.08 
47.73 ± 0.03 
31.93 
37.57 
43.54 
47.74 
717 ± 2 PS 
mp = 1 
ms = 1 
mp = 0 
ms = 0 
34.44 ± 0.03 
40.98 ± 0.03 
45.82 ± 0.01 
48.67 ± 0.07 
34.41 
40.97 
45.87 
48.65 
a The waveguide mode assignment is designated mpolarization , where the polarization is 
either p or s polarized; SPR = surface plasmon resonance. 
b The uncertainties represent the standard deviation of the cone angles from the SPP cone 
images acquired with p- and s-polarized light. 
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Table S2. Measured waveguide-coupled SPP cone properties and the calculated incident angle 
that produces surface plasmons with excitation in the Kretschmann configuration. 
ellipsometry thickness (nm) mPolarization a 
experimental 
θinc (°) 
calculated 
θinc (°) 
experimental 
θcone (°) 
354 ± 1 SiO2 
mp = 0 
 
 
ms = 0 
 
 
mp = SPR  
34.80 
 
 
44.58 
 
 
58.77  
34.884 
 
 
44.541 
 
 
58.977  
32.11 
39.79 
 
32.25 
40.11 
 
32.06 
39.95  
354 ± 1 SiO2 : 100 ± 10 PS 
mp = 0 
 
ms = 0 
 
 
mp = SPR  
39.44 
 
 
49.19 
 
 
59.79  
39.423 
 
 
49.188 
 
 
59.79  
35.46 
41.87 
 
35.38 
41.42 
 
35.36 
41.79  
404 ± 2 PVPh 
mp = 0 
 
ms = 0  
39.32 
 
51.54  
39.324 
 
51.642  
35.42 
 
35.44  
411 ± 5 PMMA 
mp = 0 
 
 
 
ms = 0 
 
 
 
mp = SPR  
37.38 
 
 
 
47.97 
 
 
 
61.72  
37.380 
 
 
 
47.973 
 
 
 
61.743  
33.98 
41.77 
- 
 
33.84 
41.56 
- 
 
34.07 
41.47 
- 
496 ± 3 PVPh 
ms = 1 
 
 
mp = 0 
 
 
ms = 0  
35.63 
 
 
45.08 
 
 
54.30  
35.631 
 
 
45.099 
 
 
54.297  
32.69 
36.51 
 
32.69 
39.61 
 
32.69 
- 
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Table S2. continued 
ellipsometry thickness (nm) mPolarization a 
experimental 
θinc (°) 
calculated 
θinc (°) 
experimental 
θcone (°) 
516 ± 3 PMMA 
ms = 1 
 
 
 
mp = 0 
 
 
 
ms = 0 
 
 
 
mp = SPR  
34.63 
 
 
 
42.56 
 
 
 
50.50 
 
 
 
62.17  
34.626 
 
 
 
42.555 
 
 
 
50.574 
 
 
 
62.166  
31.87 
37.76 
43.46 
 
31.87 
37.76 
43.47 
 
31.82 
37.81 
43.37 
 
31.84 
37.76 
43.36  
543 ± 1 PS 
ms = 1 
 
 
mp = 0 
 
 
ms = 0  
38.98 
 
 
48.50 
 
 
56.39  
38.988 
 
 
48.510 
 
 
56.394  
35.34 
41.90 
 
35.31 
41.90 
 
35.34 
41.90  
602 ± 8 PS 
mp = 1 
 
 
 
ms = 1 
 
 
 
mp = 0 
 
 
 
ms = 0  
34.65 
 
 
 
42.13 
 
 
 
51.03 
 
 
 
57.43  
34.587 
 
 
 
42.138 
 
 
 
51.048 
 
 
 
57.429  
31.92 
37.54 
43.51 
 
31.93 
37.49 
43.63 
 
 
31.93 
37.57 
43.52 
 
31.94 
37.58 
43.56  
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Table S2. continued 
ellipsometry thickness (nm) mPolarization a 
experimental 
θinc (°) 
calculated 
θinc (°) 
experimental 
θcone (°) 
717 ± 2 PS 
mp = 1 
 
 
 
ms = 1 
 
 
 
mp = 0 
 
 
 
ms = 0  
38.00 
 
 
 
46.89 
 
 
 
54.56 
 
 
 
58.91  
38.007 
 
 
 
46.89 
 
 
 
54.576 
 
 
 
58.905  
34.50 
40.92 
45.87 
 
34.40 
40.93 
45.82 
 
34.35 
40.94 
45.81 
 
34.26 
40.94 
45.73 
a The waveguide mode assignment is designated mpolarization , where the polarization is 
either p or s polarized; SPR = surface plasmon resonance. 
 
 
 
Table S3. Comparison of the reverse-Kretschmann and Kretschmann configurations. 
Geometry Type Advantages Disadvantages 
Reverse-
Kretschmann 
No need for optics to precisely vary 
the incident angle of light 
 
Angular intensity pattern around the 
cones encodes information about 
polarization of the various waveguide 
modes 
 
All the waveguide modes can be 
excited simultaneously with p- or s-
polarized light 
Raman scattering signal is smaller 
than measured in the Kretschmann 
configuration 
 
Film deterioration is possible due 
to laser exposure directly on the 
sample 
 
 
 
 
 
 
105 
 
Table S3. continued 
Geometry Type Advantages Disadvantages 
Kretschmann 
Enables sensitive spectral 
measurements, such as Raman 
scattering, due to total internal 
reflection 
 
Polarized Raman spectra can provide 
structural information about the 
adsorbed molecules on the gold 
surface 
 
All the waveguide modes can be 
excited simultaneously with p- or s-
polarized incident light at a single 
incident angle 
Presence of both scattered and 
reflected light from the through-
prism illumination must be 
blocked and may increase 
background 
 
No angular intensity pattern is 
observed around the cone, so 
assigning polarization to each cone 
is not straightforward 
 
 
 
 EM Explorer is a commercial software package for 3D Finite Difference Time Domain 
simulations. The EM Explorer script for the waveguide-coupled SPP cone angular distribution is 
provided below. 
# Define wavelength in nm 
set wavelength 785.0 
 
# Define film thickness and Yee cell size in nm.  
set T_Au 50.0 
set dz [expr $T_Au/2.0] 
set dx $dz 
set dy $dz 
set T_Poly 354.0 
set T_Prism [expr 10.0*$dz] 
set T_Air   [expr 20.0*$dz] 
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EM Explorer script. continued 
# Define material’s indices of refraction n & k 
set nPrism 1.7619 
set kPrism 0.0 
 
set nAir 1.0 
set kAir 0.0 
 
set nAu 0.1431 
set kAu 4.7935 
 
set nPoly 1.454 
set kPoly 0.0 
 
# Define simulation domain size 
# Note, due to periodic boundary condition, a very large lx is used 
# in this case in order to mimic an isolated dipole and to ensure 
# a fine resolution in propagation angles of the field in prism  
set lx [expr 10000.0*$dx] 
set ly $dy 
set lz [expr $T_Air+$T_Poly+$T_Au+$T_Prism] 
# Define a list of films to be added to the simulation domain 
set films [list \ 
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EM Explorer script. continued 
$T_Air $nAir $kAir \ 
$T_Poly $nPoly $kPoly \ 
$T_Au  $nAu  $kAu \ 
$T_Prism $nPrism $kPrism] 
 
# loop over alpha (the angle between dipole polarization and simulation plane, i.e., x-z 
plane) 
set beta 90.0 
for {set alpha 0.0} {$alpha < 363.0} {set alpha [expr $alpha+3.0]} { 
 
# Setup the simulation domain 
emxp::grid lx=$lx ly=$ly lz=$lz dx=$dx dy=$dy dz=$dz n0=1.0 k0=0.0 check=true 
 
# Add films to the simulation domain 
set xc [expr 0.5*$lx] 
set yc [expr 0.5*$ly] 
set z 0.0 
foreach {t n k} $films { 
set zc [expr $z+0.5*$t] 
set z [expr $z+$t] 
emxp::solid shape=box xc=$xc yc=$yc zc=$zc xw=$lx yw=$ly zw=$t n=$n k=$k 
check=true 
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EM Explorer script. continued 
} 
 
# Add dipole excitation 
set nx [emxp::query object=FDTD property=nx] 
set ny [emxp::query object=FDTD property=ny] 
set nz [emxp::query object=FDTD property=nz] 
set isrc [expr $nx/2] 
set zsrc [expr $T_Air-0.5*$dz] 
set ksrc [expr int($zsrc/$dz)] 
set PI 3.1415927 
set ez [expr cos($beta*$PI/180.0)] 
set er [expr sin($beta*$PI/180.0)] 
set ex [expr $er*cos($alpha*$PI/180.0)] 
set ey [expr $er*sin($alpha*$PI/180.0)] 
puts "$isrc $ksrc" 
for {set jsrc 0} {$jsrc <= $ny} {incr jsrc} { 
emxp::excitation wavelength=$wavelength field=ex type=soft i=$isrc j=$jsrc k=$ksrc 
amplitude=$ex phase=0 
emxp::excitation wavelength=$wavelength field=ey type=soft i=$isrc j=$jsrc k=$ksrc 
amplitude=$ey phase=0 
emxp::excitation wavelength=$wavelength field=ez type=soft i=$isrc j=$jsrc k=$ksrc 
amplitude=$ez phase=0 
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EM Explorer script. continued 
} 
# Setup convergence monitor 
emxp::convergence i=0 j=0 k=0 xo=$xc yo=$yc zo=$lz samples_per_cycle=1 
sample_size=10 tolerance=0.0 
#emxp::snapshot property=ez attribute=amplitude file=ez imin=0 imax=$nx jmin=0 
jmax=$ny kmin=0 kmax=$nz 
 
# Run simulation 
emxp::run n_cycles=100 
 
# Output near fields transmitted into the prism 
emxp::scat_func property=ex attribute=amplitude file=t_ex_amp.vtk k=$nz ft=false 
emxp::scat_func property=ey attribute=amplitude file=t_ey_amp.vtk k=$nz ft=false 
emxp::scat_func property=ex attribute=phase file=t_ex_phz.vtk k=$nz ft=false 
emxp::scat_func property=ey attribute=phase file=t_ey_phz.vtk k=$nz ft=false 
 
set ID $alpha 
 
# Write results to a file 
set FILE [open data_dipole_${ID}.txt w] 
puts $FILE "angle_in_prism E_sq_in_prism" 
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EM Explorer script. continued 
emxp::nearfield object=file wavelength=$wavelength kx_inc=0 ky_inc=0 
ex_amp=t_ex_amp.vtk ex_phz=t_ex_phz.vtk ey_amp=t_ey_amp.vtk ey_phz=t_ey_phz.vtk 
n0=$nPrism k0=0 
for {set i 0} {$i < [expr $nx/2]} {incr i} { 
set ex [emxp::query object=n2f property=ex_ft attribute=amplitude i=$i j=0] 
set ey [emxp::query object=n2f property=ey_ft attribute=amplitude i=$i j=0] 
set ez [emxp::query object=n2f property=ez_ft attribute=amplitude i=$i j=0] 
set e_sq [expr $ex*$ex+$ey*$ey+$ez*$ez] 
set a [expr $i*$wavelength/$lx/$nPrism] 
if {$a > 1.0} {break} 
set angle [expr asin($a)*180.0/$PI] 
if {$angle > 90} {break} 
puts $FILE "$angle $e_sq" 
} 
close $FILE 
 
# Clean up 
emxp::reset 
}; # alpha loop 
exit 
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Abstract 
The gold-sulfur (Au-S) and silver-sulfur (Ag-S) bonds are integral to the surface 
modification of metal films with alkanethiol monolayers. While the metal-sulfur bond can be 
characterized with surface-enhanced Raman spectroscopy (SERS) at roughened metal films, 
some applications require or perform better when using a smooth metal surface, which is not 
suitable for SERS signal enhancement. Directional-surface-plasmon-coupled Raman scattering 
(directional Raman scattering) is an approach to measure metal-sulfur bonds on smooth metal 
films with sub-monolayer sensitivity. The metal-sulfur bonds formed from a benzenethiol 
monolayer on smooth planar gold or silver films are observed in the directional Raman scattering 
spectra between 240 and 270 cm-1; the signal-to-noise ratio of the Au-S Raman peak is 60. 
Importantly, the directional Raman scattering signal measured with smooth metal surfaces can be 
simply modeled and easily compared across many samples. Directional Raman scattering can 
also be measured at roughened metal films, which makes it applicable for many analyses.  
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Introduction 
Self-assembled monolayers (SAMs) on noble metal surfaces are utilized in many 
fundamental and applied technologies. These include microelectronics containing surface 
patterning,[1-3] sensors made from proteins, lipids, DNA, and antibodies attached to a metal 
surface,[4] and multilayers of charged polymers adsorbed on a SAM-metal surface.[5,6] SAMs 
allow the functionality and stability of the metal surface to be tailored for many applications.  
When monitoring the formation of SAMs on metal films, detecting the metal-sulfur bond 
is critical. While other vibrational modes assigned to the alkanethiol or aromatic thiols are often 
used to indicate the formation of a monolayer,[7,8] these signals are not necessarily indicative of 
the interaction between sulfur and the metal. Ulman[9] and Whitesides[10-12] showed that 
organosulfur compounds form SAMs on a gold surface by chemisorption of the sulfur head 
group to the metal substrate via the reaction:  
𝑅– 𝑆– 𝐻 + 𝐴𝑢0𝑛 ⇒ 𝑅– 𝑆
−𝐴𝑢+⦁𝐴𝑢0𝑛 +
1
2
𝐻2 
where the thiol (S-H) bond is cleaved due to oxidation of a gold atom to form a Au-S bond. The 
hydrogen is released as gas or can combine with oxygen in solution and form water. A similar 
reaction can be envisioned for a monolayer adsorbed onto a silver film.[8] The properties of the 
SAM on the metal film are highly dependent on the properties of the metal surface. While 
detection of the metal-sulfur bond using surface-enhanced Raman spectroscopy (SERS) at 
roughened metal films is possible, for many applications it is desirable to characterize the SAM 
and monolayer formation via the metal-sulfur bond at smooth metal surfaces where SERS signal 
enhancement does not occur.   
Vibrational spectroscopy is ideal for studying SAMs. The metal-sulfur bond produces a 
peak in the spectral region below 500 cm-1; attenuated total reflection infrared (ATR-IR) 
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spectroscopy may lack sensitivity in this region unless a diamond ATR element is used. 
Furthermore, most IR detectors lack the sensitivity in the spectral region below 500 cm-1, with 
the exception of a liquid helium cooled bolometer, which is expensive and rarely used for routine 
ATR-IR measurements. There are many reports of Raman measurements on metal-sulfur 
interactions in this spectral region, mostly from utilizing SERS substrates, and therefore on a 
non-planar metal surface. Matulaitienė and coworkers experimentally measured the SERS signal 
from a synthesized N-(6-mercapto)hexylpyridinium chloride monolayer on roughened Au and 
Ag surfaces probed with 785-nm excitation.[13] They reported that the Au-S stretching vibrational 
band at 260 cm-1 correlates with the short Au-S bond length, while the low frequency Ag-S mode 
at 236 cm−1 results from a longer Ag-S bond length. The SERS spectra of the Au-S bond was 
also reported by Burgi et al.[14] from 2-phenylethylthiol and 1R,4S-camphorthiol monolayers on 
different sizes of gold clusters (producing a roughened metal surface) with a conventional 
backscattering geometry. It was revealed that the type of monolayer and the number of Au-S 
binding units on the gold clusters influenced the SERS spectra by shifting the Au-S band to 
higher frequencies as more gold clusters were introduced into the system.[14]  
Computational work by Tlahuice-Flores et al. showed that the Au-S Raman vibrational 
region can span from 220 to 350 cm-1 due to radial and tangential Au-S vibrations.[15] Their 
density functional theory study showed two types of Au-S stretching vibrations due to 
movements of the thiolate against the metal surface (radial) and movements of the thiolates 
parallel to the metal surface (tangential). The tangential Au-S vibrational bond was weakly 
Raman active due to the longer and weaker Au-S bond compared to the radial Au-S vibrations, 
which yielded a shorter and stronger bond.[15] Density functional theory calculations using 
B3LYP functional and 6-31++G(d, p) basis set for C, H, N, and S atoms, and LANL2DZ with 
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ECP for Au and Ag atoms were performed by Niaura et al.[13] Their work confirmed that the Au-
S stretching mode shifts to a higher frequency compared to the Ag-S band due to the shorter 
bond and stronger affinity between the gold surface and the sulfur headgroup of a N-(6-
mercapto)hexylpyridinium chloride monolayer. To our knowledge, no experimental Raman 
study of the metal-sulfur bond of a SAM on smooth planar metallic substrates have been 
published. Sensitive methods that could be routinely implemented for measuring and 
characterizing the metal-sulfur bond at smooth interfaces would lead to a better understanding of 
the fundamental nature of the bonding interaction.  
Directional Raman scattering is analogues to total internal reflection Raman spectroscopy 
using a smooth metal film (Figure 1). Surface-plasmon-polaritons (SPPs) are generated within the 
metal film when the excitation light is at an appropriate incident angle upon a prism of high 
refractive index traveling to an interface with a thin noble metal film and an adjacent dielectric 
material with a lower refractive index. An exponentially decaying evanescent wave is generated 
in the dielectric material that extends from a hundred nanometers to a couple of micrometers, 
depending on the excitation wavelength and the indices of refraction of the interfacial media.[16-
19] Directional Raman scattering is produced by the excitation of surface plasmons in the plane of 
the metal film (in-coupling) and the emission of the scattered light through a Weierstrass prism 
(out-coupling) that results in a hollow cone of directional scattering at a sharply defined 
angle.[20,21] This is referred to as the SPP cone (Figure 1). The use of a Weierstrass prism (i.e., 
hyper-hemispherical prism) adjacent to a metal film in the Kretschmann configuration enables 
one to collect all the scattered light produced within the SPP cone.[21-23] The present work is an 
experimental study of the metal-sulfur vibrational bond of a benzenethiol monolayer on smooth 
planar gold and silver surfaces by directional Raman scattering. It is shown that directional 
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Raman scattering will be a useful alternative to study numerous devices containing smooth 
metallic films including biosensors, solar cells, and semiconductors. 
 
Figure 1. Schematic of the directional Raman scattering geometry for detecting benzenethiol 
(BT) monolayer on three types of metallic substrates composed of a smooth gold film, a smooth 
silver film, and colloidal gold nanoparticles coated on top of a smooth gold film. Only p-
polarized light can couple to SPPs. (Surface-plasmon-polariton cone: SPP cone, Weierstrass 
prism: Wp, metal film: M, air layer: A, incident angle of light: θinc, SPP cone angle: θcone) 
 
Materials and Methods 
Materials 
1,2-Ethanedithiol (assay ≥98.0%, CAS# 540-63-6), benzenethiol (assay 99%, CAS# 108-
98-5), gold(III) chloride hydrate (assay 99.995% trace metals basis, CAS# 27988-77-8), sodium 
citrate dihydrate (assay ≥99% FG, CAS# 6132-04-3), and 200 proof ethanol (assay 99.5%, CAS# 
64-17-5) were obtained from Sigma-Aldrich (St. Louis, MO). Deionized water from an 18.2 MΩ 
cm-1 EasyPure II filtration system (Thermo Scientific, Waltham, MA) was used to prepare 
colloidal gold nanoparticles and for rinsing. All chemicals were used without further 
purifications.  
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Sample Fabrication 
Three types of metal films were used in this study: smooth gold film, smooth silver film, 
and colloidal gold nanoparticle film. A smooth planar thin gold film of 50 nm was applied to a 
25.4 mm diameter sapphire substrate (Meller Optics, Providence, RI) with a 2 nm titanium 
(99.999% pure Ti) adhesive layer (metal deposition by Platypus Technologies LLC., Madison, 
WI). A smooth planar 48 ± 2 nm silver film was prepared by a sputter-up-type sputtering system 
(ATC 1800-F, AJA International, Scituate, MA) for RF sputtering high purity silver thin wire 
(99.99% Ag, Ted Pella, Inc., Redding, CA) onto a sapphire substrate. Silver metal sputtering was 
achieved using a deposition rate of 0.05 nm/s, while rotating the substrate at 15 rpm under 10-5 
torr argon pressure and a filament current of 8 Amps. Oxidization of the silver film[24] was 
reduced by quickly placing the film in a nitrogen enclosed chamber until further use.  
Gold nanoparticles were synthesized and characterized with ultraviolet-visible absorption 
spectroscopy (Figure S1 Supporting Information). The colloidal gold nanoparticle films (i.e., 
roughened gold films) were fabricated (Figure 2a) by immersing the smooth planar gold film in 
an ethanolic 10 mM solution of 1,2-ethanedithiol for 24 h to produce a thiol terminal group. 
Then, the film was placed in 0.25 mM colloidal gold nanoparticles solution for 24 h.   
Prior to use, the metal films were cleaned with 200 proof ethanol and rinsed with 
deionized water. The cleaned metal films were dried with a stream of N2 gas. Lastly, to form a 
SAM of benzenethiol, the cleaned films were immersed in an ethanoic 20 mM benzenethiol 
solution for 24 h (Figure 2). The monolayer samples were rinsed with ethanol to remove 
unreacted benzenethiol molecules and dried with a stream of N2 gas. The Weierstrass prism 
(sapphire hemispherical prism + sapphire window, ISP Optics Irvington, NY) and the metallic 
films on a sapphire substrate were optically coupled with a refractive index (ηD = 1.7400) 
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matching fluid (Cargille laboratories Inc., Cedar Grove, NJ), to ensure optical contact without 
the presence of air gaps.   
 
Figure 2. (a) Scheme of the surface chemistry modification procedure for fabricating colloidal 
gold nanoparticle film on a smooth planar 50 nm gold film for SERS. (b) Diagram of 
benzenethiol (BT) self-assembled monolayer chemisorbed onto smooth planar 50 nm gold and 
48 ± 2 nm silver films. Schematic is simplified and not drawn to scale. (1,2-ethanedithiol: EDT, 
colloidal gold nanoparticles: colloidal Au NPs).   
 
Directional Raman Spectrometer  
A previously described instrument[22,23] was used for all measurements. The directional 
Raman scattering geometry (Figure 1) consisted of a sapphire Weierstrass prism (η = 1.7619)[25], 
50 nm gold film (η = 0.1431, k = 4.799)[26], 48 ± 2 nm silver film (η = 0.18306, k = 4.8842)[27], 
colloidal gold nanoparticle film, benzenethiol (η = 1.568)[22], and air (η = 1.000).[28] P-polarized 
excitation was provided by a 785-nm near-infrared diode laser (Toptica Photonics XTRA II, 
Victor, NY) with approximately 220 mW incident on the surface of a Weierstrass 
prism/sample/air interface. It is important to note that 785-nm is not an optimal wavelength to 
achieve the maximum signal enhancement with silver;[29,30] however, data for all three metal 
films were acquired with identical experimental conditions for comparison. The laser beam was 
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focused to a diameter of 250 µm at the Weierstrass prism interface. The laser profile was cleaned 
up with a laser line filter. Two separate translational mirrors in synchronized motion were used 
to control the incident angle of light and to block the specular reflected light from reaching the 
detectors. Directional Raman data were collected from 15.00 to 55.00° incident angle with 0.25° 
angle resolution, except within ± 2° of the angle producing the maximum intensity, where an 
angle resolution of 0.06° was used. 
The directional Raman signal emanating from the SPP cone was collected on the 
Weierstrass prism side with an aspherical lens (50 mm focal length and 75 mm diameter). An N-
BK7 plano-convex lens (75 mm diameter, 100 mm focal length, Thor Laboratories, Newton, NJ) 
focused the collimated light onto a Kaiser HoloSpec Raman spectrometer (Kaiser Optical 
Systems, Inc. Ann Arbor, MI). The scattered radiation was focused onto a 100 µm slit and 
passed through a HSG-785-LF volume phase holographic grating. Detection was achieved with a 
Princeton Instruments (Trenton, NJ) PIXIS 400 1340 × 400 near-infrared-enhanced charged-
coupled device (CCD, 20 µm × 20 µm pixels) that was thermoelectrically cooled to -70 °C. The 
CCD images were processed with the Princeton Instruments WinSpec/32 [v.2.6.14 (2013)] 
software. For wavelength calibration, a solution of acetonitrile-toluene was used. An acquisition 
time of 60 s and 3 accumulations was used. All spectra were collected at room temperature and 
three replicate experiments were conducted.  
SPP Cone Images 
Images of the SPP cones (i.e., directional Rayleigh signal) from the gold, silver, and 
colloidal gold nanoparticle films were collected at the maximum cone intensity angle with a 75 
mm (f/1.3) Kameratori TV Lens (Tampere, Finland) attached to an 11.340 mm × 7.130 mm, 2.32 
mega pixel CMOS sensor (IDS Imaging Development Systems GmbH, Obersulm, Germany). 
The cone images were acquired at a fixed distance between the sample holder and the camera. 
119 
 
The acquired CMOS cone images were analyzed with Image-J 1.44p (National Institutes of 
Health, USA).  
Data Analysis 
Calculations to acquire the SPP cone angle were performed with finite-difference time-
domain simulations (OptiFDTD, Optiwave Systems Inc., Ottawa, ON, Canada) of a four-layered 
system (prism/metal/analyte/air) with a 25 µm × 25 µm simulation dimension window, a mesh 
size of 0.008 µm, and a continuous transverse magnetic wave of 785-nm for p-polarized 
excitation. The experimental SPP cone angles were obtained using a nonlinear cubic polynomial 
function to account for cone compression from the collection lens.[22,23] Briefly, an image of the 
SPP cone with a metal ruler placed between the prism and the detector was acquired and the 
ruler scale was used to generate a distance per pixel calibration. The Radial Profile Plot Java 
Script in Image-J 1.44p (National Institutes of Health, USA) software was used to obtain the SPP 
cone diameter and the cubic polynomial equation was used to correct the diameter of the SPP 
cone. The experimental SPP cone angle was calculated using the inverse-tangent of the distance 
between the prism (i.e., sample interface) and detector as well as the corrected diameter of the 
SPP cone.  
Fresnel reflectivity calculations were performed to model the reflected light intensity as a 
function of incident angle. These calculations were used to determine the incident angles that 
produced surface plasmons at the surface plasmon resonance (SPR) angles, where the greatest 
attenuation of the reflected light intensity was obtained and the most intense SPP cone image and 
cone intensity were acquired. It was assumed that all layers have a constant refractive index (η) 
at 785-nm excitation and were homogenous. An IGOR Pro (WaveMetrics, Inc., Lake Oswego, 
OR) graphical macros program available from Corn et al.[31] was used. The lowest angle 
resolution of 0.009° with an angle range of 34.000 to 38.000° was utilized. Three-dimensional 
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finite-difference time-domain simulation software (EM Explorer, San Francisco, CA) was used 
to perform sum square electric field (SSEF) intensity calculations in the interfacial layers to 
model the experimental Raman peak amplitude of the Au-S bond. The input simulation 
parameters were: Yee cell size of 5 nm, 2000 cycles, a 35.00 to 55.00° angle range and a 0.05° 
angle resolution. The thicknesses of the prism and air layers were semi-infinite. The signal-to-
noise (S/N) ratios were calculated as the maximum Raman peak intensity of the metal-sulfur 
bands after background subtraction divided by the standard deviation of the noise measured in a 
region of the spectra where no analyte peaks were present between 1650 and 1750 cm-1.   
Results and Discussion 
SPP Cone Images of Benzenethiol Monolayer Adsorbed on Metallic Films 
Under total internal reflection using the sample geometry shown in Figure 1, the scattered 
light produced on the sapphire side of the Weierstrass prism assembly is directional. In other 
words, the scattered light emanates at a well-defined angle as an SPP cone. The directionality of 
the Rayleigh scattered photons is easily monitored by collecting an image of the SPP cone for the 
three metallic surfaces included in this study: a smooth gold film, a smooth silver film, and a 
smooth gold film on which colloidal gold nanoparticles are immobilized (Figure 3). The latter 
substrate has nanoscale roughness and serves as a simple SERS substrate. All three metal films 
produce a strong directional signal, as evidenced by the appearance of an SPP cone. Each cone 
image was acquired at an incident angle corresponding to the SPR angle, where the highest 
attenuation of the reflected light from the prism and the maximum SPP cone intensity are 
measured (Table 1).   
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Table 1. Measured and (calculated) incident angles used to collect the SPP cone images shown in 
Figure 3, and the SPP cone angles of the Rayleigh scattered light from three metallic films before 
and after the adsorption of a benzenethiol monolayer 
Type of Metal Film 
Incident Angle (°) SPP Cone Angle (°) 
Before After Before After 
Smooth Gold 
35.53 
(35.530) 
35.60 
(35.572) 
34.8 ± 0.1 
(34.794) 
35.3 ± 0.1 
(35.218) 
Smooth Silver 
35.50 
(35.496) 
35.64 
(35.633) 
34.4 ± 0.3 
(34.848) 
35.0 ± 0.3 
(35.253) 
Colloidal Gold Nanoparticles 
on Smooth Gold 
36.18 39.83 35.34 ± 0.05 35.3 ± 0.1 
 Note. SPP: surface-plasmon-polariton. The average and standard deviation are from two 
 SPP cone images of each metal film. 
 
The SPP cones were also measured after immobilizing a benzenethiol monolayer to each 
of the metallic substrates (Figure 3). The incident angle that produced the most intense SPP cone 
after immobilizing a benzenethiol monolayer shifted to larger angles compared to the bare 
metallic substrate (Table 1). This angle shift is analogous to the shifts measured in an SPR 
experiment, as previously reported.[22,23] The measured and (calculated) incident angle shifts are 
0.07° (0.042°) for the gold film, 0.14° (0.133°) for the silver film (Figure S2 Supporting 
Information), and 3.67° for the colloidal gold nanoparticle substrate, respectively. The calculated 
incident angles for the gold and silver films before and after the adsorption of benzenethiol are in 
good agreement with the experimental incident angles. For the SERS substrate, the calculated 
incident angle is not easily obtained due to the complexity and the uneven distribution of the 
gold nanoparticles on the metal surface.[20,32] In addition, the SPP cone angle (the angle at which 
the directional scattering is produced) also increased after immobilizing a benzenethiol 
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monolayer on flat gold and silver surfaces (Table 1, Figure 3a and 3b). The angle changes 
measured after benzenethiol adsorption are due to changes in the refractive index of the dielectric 
medium adjacent to the metallic films upon formation of the monolayer. It is noteworthy to 
mention that the SPP cone angles are statistically the same for the roughened gold surface with 
colloidal gold nanoparticles before and after the adsorption of benzenethiol (Figure 3c), this may 
be due to the rough nature of the metal surface and the impact this has on the directionality of the 
scattered light.[20]  
 
Figure 3. Surface-plasmon-polariton (SPP) cone images of the three metallic films (a) smooth 
gold film, (b) smooth silver film, and (c) colloidal gold nanoparticles immobilized on a smooth 
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gold film. The images obtained before and after adsorption of benzenethiol are overlapped to 
show the change in SPP cone angle. The dark gray inner cones in (a, b) represent before 
adsorption of a benzenethiol monolayer. The outer cones in (a, gold) and (b, light gray) are the 
SPP cones after adsorption of a benzenethiol monolayer. In (c), there is no change in the SPP 
cone angle before and after benzenethiol adsorption, so only a single SPP cone is observable in 
the overlapped image. The cones are not continuous because two translational mirrors block the 
incident and reflected light from reaching the detector. The incident angles used to acquire the 
SPP cones and the SPP cone angles are summarized in Table 1.  
 
Directional Raman Scattering of Benzenethiol Monolayer Adsorbed on Metallic Films  
In addition to the Rayleigh scattered light, the Raman scattered light from the adsorbed 
molecules on the metallic films is also encoded within the SPP cone (as is background, which is 
discussed below). In order to measure the directional Raman spectrum, the SPP cone is collected, 
directed through a spectrometer, and measured with a CCD camera. Figure 4 shows the 
directional Raman spectra of the metallic films before and after immobilizing a benzenethiol 
monolayer. The spectra are collected at the incident angles where the SPP cone images are 
acquired in Figure 3. The directional Raman spectra of the bare metallic films prior to forming 
the benzenethiol monolayer are shown in Figure 4c, 4e, and 4g for the colloidal gold 
nanoparticle, gold, and silver films, respectively. The Raman bands within the light blue regions 
at 116, 146, 213, between 350 and 800, 1075, and 1350 cm-1 originate from the sapphire[33] 
Weierstrass prism and substrate[34] as shown in Figure 4h. (There is a low intensity mode of 
benzenethiol at 614 cm-1, but this peak was not detected for the monolayers). The strong sapphire 
Raman peaks are due in part to the long path length of the laser through the prism and sapphire 
substrate. Some variation is measured in the intensity of the sapphire peaks originating from the 
prism and substrate (Figure S3 Supporting Information).[33]  
The Raman spectrum of a neat benzenethiol solution and the directional Raman spectra 
of a benzenethiol monolayer chemisorbed on the metal films are shown in Figure 4. The 
predominate benzenethiol Raman peaks are 697, 999, 1023, and 1573 cm-1 (Figure 4a). These 
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bands are assigned to the C-S stretching mode, aromatic ring stretching mode, CH in-plane 
deformation mode, and aromatic ring stretching mode of benzene, respectively.[34-41] Table S1 
(Supporting Information) shows a summary of the Raman peak assignments for all of the 
metallic surfaces studied. The predominate benzenethiol Raman bands are observed for the 
monolayer adsorbed on gold, silver, and colloidal gold nanoparticle films. 
 
Figure 4. (black line, a) Raman spectrum of neat benzenethiol collected using a conventional 
backscattering Raman microscopy geometry. Directional Raman spectra of a benzenethiol 
monolayer on (red line, b) colloidal gold nanoparticle film, (gold line, d) smooth 50 nm gold 
film, and (gray line, f) smooth 48 nm silver film. The dashed-lines represent control 
measurements prior to benzenethiol immobilization (c, e, g) using the same color scheme. The 
blue dashed-line (h) represents a sapphire Weierstrass prism without a metallic substrate. The 
panel on the right shows an expanded region of the Au-S and Ag-S vibrational bands using the 
same color scheme. The highlighted blue regions correspond to Raman peaks of sapphire. The 
incident angles used to collect the directional Raman spectra are listed in Table 1. (Spectrum h 
was collected at 34.59°).  
 
The Au-S peak at 263 ± 2 cm-1 can be seen in Figure 4b, 4c, and 4d. This vibrational 
mode assignment agrees with previously reported experimental[36,42] and computational[1,14,43] 
data of the Au-S bond. The Au-S bond is measured on the colloidal gold nanoparticle film before 
benzenethiol adsorption on the SERS substrate (Figure 4c) since a 1,2-ethanedithiol monolayer 
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was used to immobilize the colloidal gold nanoparticles; the intensity of this peak increased after 
immobilizing benzenethiol (Figure 4b). The Ag-S peak is measured at 246 cm-1 (Figure 4f), and 
corresponds to the 230 to 250 cm-1 range reported in the literature by Carron and Hurley[44] and 
Matulaitienė et al.[13]  
The exponential decay of the evanescent wave from the metal surface (as shown 
schematically in Figure 1), means that the evanescent wave has its greatest intensity at the 
location of the metal-sulfur bonds, which generates measurable Raman signals from this 
relatively weak scattering mode. The signal-to-noise (S/N) ratio of the metal-sulfur band is 30, 
60, and 100 on a nanoparticle roughened gold film, smooth gold film, and smooth silver film, 
respectively. The large S/N ratios are attributed not only to the magnitude of the enhanced 
electric field at the metallic interface, but also to the directionality of the scattered light at a 
defined angle that leads to the efficient collection of the directional signal. The relatively low 
S/N ratio for the SERS substrate is surprising, and may be the result of increased background, 
which is a known phenomenon of SERS.[45] The colloidal gold SERS substrate used in this work 
was relatively simple, and better performance may be expected with more sophisticated SERS 
substrates.[46,47] Importantly, the measurement of the Au-S and Ag-S vibrational modes on 
smooth planar surfaces can be measured with directional Raman scattering without requiring a 
SERS substrate to further enhance the signal. 
The S/N ratio of the Au-S Raman bands is sufficiently above the detection limit to 
conclude that the peak shifts to higher wavenumbers when comparing the substrate containing 
only 1,2-ethanedithiol (240 cm-1) and after adding benzenethiol (264 cm-1) to the gold 
nanoparticle roughened metallic surface (Figure S4 Supporting Information). This means that the 
molecular backbone of the SAMs of 1,2-ethanedithiol (an aliphatic compound) or benzenethiol 
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(an aromatic compound) chemisorbed on the gold surface can induce a change in the Raman 
peak location of the Au-S band, most likely due to differences in the absorption energies of the 
monolayer.[48-53] Furthermore, the Au-S Raman shifts of the benzenethiol SAM on the colloidal 
gold nanoparticle roughened surface (264 cm-1) and the smooth gold surface (261 cm-1), 
respectively, are statistically the same in terms of the maximum Raman peak position given the 
Raman shift resolution of our spectrometer.  
The directional Raman spectra were collected as a function of the incident angle ranging 
from 15 to 55° for a benzenethiol monolayer on a smooth planar gold film. The Au-S spectral 
region is shown in Figure 5a and 5b. A cross-section of the 261 cm-1 Au-S stretching mode from 
an incident angle of 34 to 38° is shown as the dotted black symbols in Figure 5c. As stated 
above, the incident angle where the Raman signal is the most intense correlates with the SPR 
angle (35.572°) in the calculated reflectivity curve (solid blue line, Figure 5c). These angles are 
in good agreement to the calculated value of the sum squared electric field (SSEF) at the 
interface (solid red line, Figure 5c); the maximum SSEF intensity is observed at 35.588° for this 
sample. The incident angles from the experiment, the reflectivity calculations and the SSEF 
calculations are within ± 0.01°, showing that the directional Raman signal is accurately modeled. 
The directional Raman scattering technique can provide sensitive measurements of the Au-S or 
Ag-S bonds as shown in this study, offering an alternative to the application of a SERS substrate 
and the associated complex signal modeling that may be required. 
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Figure 5. (a) Directional Raman spectra of a benzenethiol monolayer on smooth planar gold film 
collected at three incident angles. The Raman peaks are assigned to sapphire (146 cm-1) and Au-
S stretching mode (261 cm-1). (b) Two-dimensional plot of the Raman scattering intensity as a 
function of Raman shift and incident angle on a color amplitude scale. The two Raman bands 
correspond to the Raman spectra shown in (a). The maximum Raman scattering intensity is 
observed at θinc = 35.60°. (c) The calculated Fresnel reflectivity curve shown in blue and the plot 
of the 261 cm-1 Au-S Raman peak amplitude versus incident angle (shown in black). The red line 
represents the sum square electric field (SSEF) fit to the experimental data (black symbol). The 
uncertainties represent standard deviation from three replicate measurements. 
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Conclusions 
Directional Raman scattering provides the capability for monolayer sensitive 
measurements without the use of SERS. Since directional Raman spectroscopy can provide one 
to two orders of magnitude enhancement from total internal reflection conditions in addition to 
the enhancement that results from collecting the Raman signal encoded within the full SPP cone, 
the Au-S and Ag-S vibrational mode of a benzenethiol monolayer can be probed on smooth 
planar metallic surfaces. The use of smooth substrates to acquire the directional Raman spectra 
of adsorbates may eliminate the limitations of SERS techniques such as increased background, 
poor reproducibility, and potentially prolonged substrate preparation time.[54-56] Directional 
Raman scattering can be used to characterize surface modification steps as well as a sensor 
readout, including SPR-based biosensors, in which monolayer-sensitive chemical information is 
provided along with the ability to gain rapid quantitative responses when biomolecules adhere to 
a metallic surface. This may propel new and emerging technologies in which functionalization of 
a surface by SAMs is needed. 
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Supporting Information 
The Supporting Information include: the experimental procedure for synthesizing 
colloidal gold nanoparticles, the UV-VIS absorbance spectrum of synthesized colloidal gold 
nanoparticles, a table of the Raman peak locations and assignments for neat benzenethiol, and 
benzenethiol monolayer on three metallic surfaces, experimentally measured and calculated 
surface plasmon resonance reflectivity curves for silver film before and after immobilizing a 
benzenethiol monolayer, and directional Raman spectra of 1,2-ethanedithiol monolayer on 
smooth gold film, benzenethiol monolayer on colloidal roughened gold nanoparticle film and a 
comparison of two different 50 nm bare gold films.    
The experimental procedure for synthesizing colloidal gold nanoparticles is as follows. 
The Turkevich method[1] was used to prepare colloidal Au NPs. Briefly, ~170 mg of gold(III) 
chloride hydrate (AuCl4⦁H2O) was dissolved in 100 mL deionized water. The beaker was 
wrapped in aluminum foil with an aluminum foil dome lid and placed on a magnetic 
stirrer/hotplate. A 0.5% w/v sodium citrate dihydrate solution in 50 mL deionized water was 
prepared while the AuCl3 solution was heated and stirred at 150 rpm. As soon as the boiling 
commenced, sodium citrate dihydrate solution was added in small drops into the aluminum 
wrapped beaker until a deep red color developed. The solution was removed from the heating 
element, with continued stirring at 150 rpm until the solution cooled to room temperature.  
Ultraviolet-visible (UV-VIS) absorption spectroscopy was used to characterize the 
synthesized colloidal nanoparticles (Figure S1 Supporting Information). The UV-VIS optical 
absorbance spectrum showed a wavelength peak maximum at 519 ± 1 nm, which was in 
agreement with reported values at 520 nm for a ~15 nm diameter size colloidal gold nanoparticle 
using the Turkevich method.[1-4] 
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Figure S1. UV-VIS absorbance spectra of (black line) synthesized colloidal gold nanoparticles 
in aqueous solution and (red line) deionized water. The colloidal gold nanoparticles have a 
maximum wavelength of 519 ± 1 nm. 
 
 
Figure S2. (a) Experimentally measured and (b) calculated surface plasmon resonance (SPR) 
reflectivity curves for (blue) a bare 48 ± 2 nm silver film and (green) after immobilization of a 
benzenethiol monolayer adsorbed on the silver film. See Table 1 for the incident angles. The 
experimental data was collected on a home-built SPR instrument.[19]  
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Figure S3. Directional Raman spectra of two different (a and b) 50 nm gold films collected with 
an incident angle of 35.53°. The peaks are assigned to sapphire, and variations in peak intensity 
are noted.  The reasons for this variation are not known, but may be due to the presence of 
impurity dopants that can lead to microscopic defects in the sapphire substrate or other 
differences in the sapphire structure.[20] 
 
 
Figure S4. Normalized directional Raman spectra of (black trace) 1,2-ethanedithiol monolayer 
on a smooth 50 nm gold film and (red trace) benzenethiol monolayer adsorbed on colloidal gold 
nanoparticle roughened film. The Au-S bands of 1,2-ethanedithiol monolayer on the smooth gold 
film and benzenethiol monolayer on the roughened gold surface are 240 and 264 cm-1, 
respectively. The sapphire peak at 217 cm-1 is indicated in the blue region and the spectra are 
normalized to this peak. The spectra were collected with incident angles of (black trace) 35.53° 
and (red trace) 39.83°. 
 
135 
 
Table S1. Raman peaks of neat benzenethiol and benzenethiol monolayers adsorbed on smooth 
planar gold, smooth silver, and colloidal gold roughened nanoparticle films. All assignments are 
based on literature data.[5-18] The benzenethiol peaks that were not measured in the directional 
Raman spectrum were low in intensity or overlapped with a sapphire peak 
Raman Shift (cm-1) 
Peak Assignment 
Neat Benzenethiol Gold Silver 
Colloidal Gold 
Nanoparticles on 
Smooth Gold 
187 - - - 
Aromatic ring out-of-
plane deformation 
- 261 246 264 
Au-S stretch/ 
Ag-S stretch 
277 - - - C-S in-plane bending 
410  - - C-H stretch 
614 - - - 
Aromatic ring in-plane 
deformation 
697 691 690 695 C-S stretch 
911 - - - C-S-H stretch 
999 996 999 999 Aromatic ring stretch 
1023 1022 1020 1023 CH in-plane deformation 
1090 - - - Aromatic ring stretch 
1116 - 1112 1110 
In plane C-C-C stretch 
C-S stretching 
C-H bend 
1155 - - - 
In-plane deformation of 
C-H 
1181 1177 - 1177 
In-plane deformation of 
C-H 
1584 1573 1580 1574 Aromatic ring stretch 
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CHAPTER 6.    GENERAL CONCLUSION 
The focus of this dissertation is directional Raman scattering, a technique that is 
equivalent to total internal reflection Raman spectroscopy. Directional Raman scattering non-
destructively measures the chemical composition of self-assembled monolayers, thin polymer 
films, and dielectric waveguides at a metal interface. In addition, this technique simultaneously 
provides the optical and physical properties of these samples. The enhanced Raman signals are 
attributed to the collection of the entire surface-plasmon-polariton cone generated from the 
excitation of surface plasmons from smooth planar metallic films. The surface-plasmon-polariton 
cone produces a directional scatter of photons through a Weierstrass prism, and this phenomenon 
results in an increase of the electric field at the metal/sample interface.  
The instrument development of the directional Raman spectrometer has the combined 
benefits of surface plasmon resonance and Raman spectroscopy. The significant advantages of 
utilizing directional Raman spectroscopy are, 1) the interface selectivity, and 2) the excellent 
depth profiling resolution combined with 3) an enhancement of the Raman signal. Also, the 
directional Raman spectrometer is capable of collecting three angle-dependent parameters: the 
SPP cone intensity, cone diameter, and the Raman scattering signal on a single instrument. The 
three angle-dependent parameters will be useful for analyzing smooth films such as those used in 
energy capture and conversion devices, where the film morphology and composition are 
essential components to their functionalities. 
The system utilizes smooth planar metallic films that increase the reproducibility of the 
measurement and can provide simple modeling of the experimental data. The Kretschmann and 
reverse-Kretschmann configurations are operated on the directional Raman spectrometer with 
ease of switching between both configurations. This ensures the fast acquisition of all the 
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waveguide modes in a dielectric waveguide film by operating in the reverse-Kretschmann mode. 
At the same time, the Raman signal is collected in the Kretschmann configuration.  
Directional Raman spectroscopy has similar sensitives that parallel with those reported in 
the literature for surface plasmon resonance and plasmon waveguide resonance measurements 
but require minimal data collection or no angle scanning. The enhanced Raman signal from the 
collection of the full surface-plasmon-polariton cone excites the vibrational modes of metal-
sulfur bonds from 1,2-ethanedithiol and benzenethiol monolayers chemisorbed on metallic 
surfaces. The experimental measurement of these metal-sulfur bonds can address critical 
information about their formation. Specifically, the physical and chemical properties of the 
hydrocarbon thiols and the immobilization of biomolecules onto the substrate can serve as a 
sensor.  
Lastly, the total internal reflection Raman spectroscopy techniques discussed in this 
dissertation will continue to find an increased use in our world. These techniques can be applied 
to analyze energy storage and harvesting devices, as well as used in multilayered films for the 
automotive, medical, and meat-packing industries. Directional Raman spectroscopy can be 
useful in characterizing microelectronics and can be applicable in nanotechnology devices, in 
which self-assembled monolayers are adsorbed onto smooth planar metallic surfaces. The future 
of directional Raman spectroscopy will be aimed at measuring thinner films, lower 
concentrations of immobilized species, and obtaining superb depth profiling measurements and 
resolution of the directional Raman signal in a variety of systems. 
 
 
